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ABSTRACT 

The document presents innovative findings of the newly synthesized Y-type barium 

hexaferrites in the fields of catalysis and electronics. The barium hexaferrite, 

Ba2Mg2Fe12O22 and its four doped analogues (Ba2Mg2Fe12−xAlxO22, Ba2Mg2-

xCoxFe12O22, Ba2Co2Fe12-2x(Zr,Ni)xO22 and Ba2Co2Fe12-2x(Ti,Mn)xO22) were synthesized 

by sol-gel, solid state and microwave assisted solution methods.  

The high concentration decomposition of nitrous oxide (N2O) was targeted first 

time, for the hexaferrite catalysts, as the reaction of interest due to its usage as multi-

purpose propellant for aerospace technology. Separate doping of Al and Co increased 

the catalytic efficiency and stability for the materials prepared by conventional sol-gel 

method. However, in case of Al substituted samples the catalytic activity was adversely 

affected on exposure to microwaves. The Zr–Ni co-doped Ba2Co2Fe12-2x(Zr,Ni)xO22 (x 

= 0.2–1.0) series was synthesized by conventional sol–gel and microwave heating 

methods. Complete decomposition of N2O was achieved at temperatures of 873 K and 

973 K for microwave and sol–gel prepared catalysts, respectively.  In conventional sol-

gel synthesis the co-doping of Ti-Mn in Ba2Co2Fe12-2x(Ti, Mn)xO22 (x= 0.2-1.0) was 

found best among all the studied catalysts and N2O was decomposed completely at 

873K without using microwave radiations. However, the use of microwave further 

decreased this temperature to 583K in Co substituted series. In general it was 

established that the microwave irradiation improved the catalytic activity significantly 

of the prepared hexaferrites. 

  Additionally, Ti-Mn doped series was also investigated for electrical, dielectric 

and thermoelectric properties. DC and AC resistivities increased with the dopant 



content while the dielectric constant decreased due to valence alteration of Fe
3+

 ions 

from the octahedral site by the dopants. Thermoelectric studies along with DC 

resistivity results established the electron hopping conduction mechanism in the doped 

ferrites. 

Another interesting part of this work was the synthesis of Zr and Ni co-doped 

Ba2Co2Fe12O22 compounds with the solid state method. AC conductivity and 

electrochemical impedance spectroscopic (EIS) studies of the prepared materials were 

conducted for the first time in a range of temperatures (123K to 473K) and frequencies 

(0.1Hz to 1MHz). The activation energies were calculated for high and low temperature 

regions and on this basis the polaron hopping and variable range hopping mechanisms 

were proposed, respectively, for the two temperature regions.   

In a nut shell the synthesized hexaferrites served as efficient catalysts for N2O 

decomposition with good efficiency and remarkable stability at the high reaction 

temperature. Furthermore, the samples owed high resistivity, low dielectric constant 

and low dielectric loss, the qualities which make them attractive for electronic and 

microwave devices. One of the achievements was introducing the microwave 

technology with significant improvement in the desired properties. 
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Chapter  1 

Introduction 

 

1.1 What are Ferrites? 

Ferrite is a Greek word meaning iron. Ferrites are oxides of iron, having the best 

available combination of electrical insulators and magnetic materials, with remarkable flexibility 

to control these properties through crystal lattice parameters. Ferrites can be subdivided into the 

following classes depending on the crystal geometry. 

1. Spinels. 

2. Garnets. 

3. Hexagonal ferrites or Hexaferrites. 

4. Ortho ferrites. 

Ferrites have the advantage of low dielectric loss and high power handling when 

compared to semiconductors due to exceptional dielectric properties [1]. As ferrites are magneto-

electric in nature, the magnetic (or electric) parameters can easily be changed by the application 

of an electric field (or magnetic field). Further, the permanent magnets can be eliminated which 

is one of the disadvantages of ferrites while using in microwave devices [2]. 

 1.2 Properties and applications of ferrites 

 In history, ferrites first assisted stars to allow mariners to find directions and were used as 

compasses. As magnetite was the first ferrite discovered, but had poor magnetic properties so it 

was not beneficial as a magnetic material. Permanent magnetic ferrites were first discovered in 

1952 by Philips. E. Albers Schonberg from the US reported the development of microwave 

ferrites along with digital memories for computers [3]. The first large-scale application of ferrites 
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was in the TV industry and high voltage flyback transformers. Generally the ferrite applications 

can be categorized as 

   (1) Consumer entertainment  

(2) Electrical utilizations 

   (3) Locomotives 

   (4) Telecommunications 

   (5) Specific applications (aircraft, microwave, recording heads) 

Ferrites are mostly used at high frequencies due to having high resistivity. Permanent 

magnetic ferrites are used in loudspeakers, microphones, TV picture tubes and DC motors [4]. 

Aside from some of the permanent magnetic applications, soft ferrites are also used in the 

telephone industry [5]. Another component with transformer usage is as an inductor. The 

inductor often functions in conjunction with a capacitor to shift the phase of an electrical signal. 

By combining these actions, filters can be introduced which pass certain frequencies while 

blocking others. The wavelengths associated with television and radios are large, so we need a 

large antenna [6]. Since magnetic materials can concentrate the received signals by large factors, 

the antenna made up of magnetic material can be smaller and more efficient. In addition ferrites 

can potentially work in pulse transformers, power transformers, switching regulators, output 

chokes and Electromagnetic Interface (EMI) applications.  

 At very high frequencies, electrical energy cannot be communicated through wires. 

Rather like light it is radiated in the form of electromagnetic waves [7], thus the common ways 

of handling electrical energy at lower frequencies are not applicable. The new devices based on 

ferrites are introduced to control microwave radiation as Faraday rotators, circulators and phase 

shifters. The highest dollar volume application of ferrites is low frequency power materials for 

motors and transformers. The various components installed in the broad spectrum of magnetic 
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recording media are memory cores, audio tapes, floppy disks, hard disks, magnetic inks, rotary 

transformers, copier powder, bubble memory and magneto-optic memory disks [8].    

1.3 Hexaferrites 

The ultimate interest of the present work lies in hexaferrites, a relatively new addition to 

the field of material science. Since their discovery in 1965, there has been an exponential 

increase in the degree of interest in hexaferrites, and it is still growing day by day and well 

indicated in the published work [9, 10]. These materials are technologically important as 

capacitors, sensors, actuators and high memory devices. Hexaferrites are regarded as an 

important component of the electronics industry because of their magnetic and dielectric 

properties. They are widely used as permanent magnets and microwave devices owing to a high 

uniaxial anisotropy and high coercive force [11]. These materials are widely used in passive and 

tunable electromagnetic signal processing devices as circulators, filters and phase shifters [12]. 

Along with this, these materials find their applications in tunable antenna substrates and 

Electromagnetic Interface (EMI) suppression cores [13].  

The possibility of a very large number of combinations of the elements provides a chance 

to synthesize ferrites with a range of properties. Further, the doping of different cations can help 

to fine tune these properties. The very good electrical properties were shown by hexagonal 

ferrites containing barium and cobalt as divalent cations. Many divalent, trivalent and tetravalent 

cations can be substituted to get a variety of different physical properties [14]. The hexaferrites 

are ferrimagnetic in nature, and their magnetic and electrical properties are dependent on their 

intrinsic crystalline structures. All hexaferrites have a special characteristic of magnetocrystalline 

anisotropy (MCA), which means that the induced magnetization of these compounds has a 

preferred orientation within the crystal structure [15]. These compounds are further classified 

into two groups: uniaxial heaxaferrites  (with an easy axis of magnetization) and ferroxplana 
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(with an easy plane of magnetization) [4].  There has been intense interest in hexaferrites in the 

past few years for more unusual applications. This is chiefly as electronic components for mobile 

and wireless communications at microwave/GHz frequencies, random access memory (RAM) 

property, electromagnetic wave absorbers for Electromagnetic Core (EMC) and stealth 

technologies and as composite materials [16]. One of the recent developments is the discovery of 

uniphase magneto-electric/multiferroic hexaferrites, as Ba2Mg2Fe12O22 Y-ferrite at cryogenic 

temperatures and Sr3Co2Fe24O41 Z-ferrite at room temperature. Along with their traditional use as 

magnetic recording and data storage materials, a constant awareness of their microwave (MW) 

properties remained the main point of interest in last decade for more striking applications [10].  

1.4     Crystal structure of hexaferrites 

  

 

 

 

 

 

 

Fig. 1.1. a) Perspective view [17], b) space filing view [18], c) the ball and stick view [18] of R, 

S and T building blocks of hexaferrite. 

The crystal structure of hexagonal ferrites can be considered as a system of close packed 

stacking of two types of oxygen layers parallel to the hexagonal basal plane (110). The first 

a) b) c) 
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oxygen layer contains 4-oxygen ions and the second layer contains 3-oxygen ions and one 

barium ion. Between these layers, several octahedral and tetrahedral sites and a trigonal 

bipyramidal site are occupied by small metal cations. The structure of hexaferrites with the 

primitive repeating unit is built up from three basic sub-units i.e. the S, R and T blocks as shown 

in Fig 1.1. 

The S, R and T blocks are considered as the basic blocks from which a range of 

hexagonal structures have been synthesized and are classified into M, Y, W, Z, X and U types. 

These are presented in Table 1.1. Where Me is a divalent cation of the first transition metal 

group e.g. Co, Ni, Mg, Zn, etc. In many cases, the Ba
2+

 ion can be replaced by Ca
2+

, Sr
2+

, or Pb
2+

 

ions, which have approximately the same radius. Al
3+

 can replace Fe
3+

 ion or a combination of 

ions. In some classes, the sub-unit ‘R’ adds to ‘S
2+

’ and gives rise to the neutral block (RS), and 

the total composition becomes BaFe12O19 [19]. This is the assembly of the simple recurring unit 

of the M phase. In the same way, ‘T’ adds up with the S
0
 to form the neutral block (TS), having 

the overall composition Ba2Me2Fe12O22 (Y-phase). Other piling arrangements of cubic and 

hexagonal elementary units leads to a diverse range of compositions as recognized by Braun 

[20].   

The focus of our study is Y-type hexaferrites. Y-type hexaferries have wide variety of 

applications in high frequency devices because they have high magnetic permeability and low 

dielectric loss [21]. These have a cut-off frequency in the high frequency range (GHz), which is 

higher in magnitude than that of Spinel ferrites [22]. Y-type hexagonal ferrites exhibit excellent 

magnetic properties in higher frequency ranges. Due to having intrinsic magnetic anisotropy Y-

type hexfaerrites are self biased, with easy axis of magnetization and hence they can be used as 

soft magnetic materials for chip components. Due to their planar anisotropy, Y-type hexaferrite 
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materials can be oriented in specific directions and by which the saturation magnetization is 

aligned and that plane is considered to be the easy plane of magnetization [23]. 

Table 1.1.  Classification of hexaferrites (adapted from [24]). 

Chemical 

formula 

Symbol 

Unit cell 

Structure 

No of 

oxygen 

layers 

Preferred 

direction of 

magnetization 

c-axis 

/ A 

BaFe12O19 M RSR*S* 10  c 23.2 

BaMe2Fe16O27 W (M+S) RSSR*S*S* 14 - 84 

Ba2Me2Fe12O22 Y 3 (ST) 18 

c except W-

Co2 

32.8 

Ba3Me2Fe24O41 Z (M+Y) RSTSR*S*T*S* 22 - 38.1 

Ba2Me2Fe28O46 X (2M+S) 3(RSR*S*S*) 36 

c except Z-

Co2 

52.3 

Ba4Me12Fe36O60 U (2M+Y) RSR*S*T*S* 16  c 43.5 

   

 The Y-type hexaferrites Ba2Me2Fe12O22 (Me = Zn, Co, Mg,Mn etc.) belongs to the  

crystal group characterized by the space group R3 (166) m. The basic structure has a hexagonal 

elementary cell including 18 oxygen layers. This structure is made up by the superposition of S 

and the T blocks (Fig. 1.1). The unit cell is composed of the alternately arranged STSTST 

including three formula units of Ba2M2Fe12O22. The T-block is characteristic of the Y structure. 

Only two kinds of interstitial sites exist for the metallic ions, specifically six octahedral and two 

tetrahedral sites. Three octahedral sites are shared with the neighboring spinel blocks, while the 

other three reside on a vertical threefold axis, the central one having two faces of its coordination 

figure shared with the two adjacent sites [25]. This peculiar feature of the coordination figures of 
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the inner octahedral sites of the T block plays a significant part in determining the cation 

distribution of Y compounds. 

Table 1.2. Number of ions, coordination structure and spin orientation of the various metallic 

sub-lattices of Y-structure (adapted from [26]). 

 

 

 

 

 

 

  

 

 

 

 

 

Fig. 1.2. Cross section of Y-type (Ba2M2Fe12O22) ball and stick view and perspective view [24]. 

Detailed schematics were put forward by Gorter [26]  to explain the various metallic lattice sites 

along with their coordination and spin orientation, presented in Table 1.2. The nomenclature 

Sub-lattice Coordination Block 
Number of ions 

per unit cell 
Spin 

6cIV Tetrahedral S 6 Down 

3aVI Octahedral S 3 Up 

18hVI Octahedral S-T 18 Up 

6cVI Octahedral T 6 Down 

6cIV Tetrahedral T 6 Down 

3bVI Octahedral T 3 Up 
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assigned to the different sublattices corresponds to the standard crystallographic notations 

(Wyckoff notations). Fig. 1.2 shows the detailed crystal structure of Y-type hexaferrite along 

with cation location. 

1.5 Theory of key properties of Y-type hexaferrites 

 The knowledge of cation distribution is the key point in the determination of the 

properties of ferrites, as the electrical and magnetic properties of ferrites are greatly dependent 

on the cation distribution. These properties are governed by the distribution of the iron and 

divalent ions among the octahedral and tetrahedral sites of the ferrite structure. The distribution 

of the cations in the available sites must be determined experimentally and is sensitive to the 

specific cations as well as the temperature [27]. Some factors that govern the cation distribution 

over the A and B sites are 

The ionic radius: Since the tetrahedral site is the smallest, one might expect that the 

smaller ion will prefer to occupy the tetrahedral sites. Trivalent ions are usually smaller than 

divalent ions and this tends to favor the trivalent ion to occupy tetrahedral site. 

The electronic configuration: Certain ions have a special preference for a certain 

environment. For example, Zn
+2

 and Cd
+2

 show a marked preference for tetrahedral sites where 

their 4s, p or 5s, p electrons respectively can form a covalent bond with six 2p electrons of 

oxygen ions. The marked preference of the ions Ni
+2

 and Cr
+3

 for an octahedral environment can 

be explained as being due to favorable fit of the charge distribution of these ions in the crystal 

field at an octahedral site [21]. 

 

The electrostatic energy: Electrostatic energy gained when the ions, at first thought to be 

infinitely apart, are brought together to form a lattice, is another factor which determines cation 
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distribution. The metal ions are surrounded by 4 or 6 oxygen ions depending on the state which 

is energetically more favorable. 

1.5.1 Electrical properties 

 The electrical conductivity in ferrites depends on many factors; preparation method, 

sintering temperatures, amount and type of substitution. Ferrites have higher resistances than 

metals by several orders of magnitude and they are regarded as very structure-sensitive materials 

[28]. The electrical resistance can be further increased by special sintering conditions and 

selecting a suitable composition with small amounts of metal oxide addition in ferrites [29]. The 

low electrical conductivity, resulting in low dielectric losses make the Y-type hexaferrite 

attractive materials, especially for microwave applications. 

 In ferrites, conduction at room temperature is due to impurities, whereas at high 

temperature, it is due to polaron hopping [30]. An electron which interacts through its electrical 

charge with ions or atoms of a lattice creates a local deformation in the lattice. The deformation 

tends to follow the electrons, as it moves through the lattice. This combination of the electron 

and the strain field is known as a polaron [31]. Hopping is limited to the orbitals of same energy 

for example the Eg orbitals of metals on same site. 

 According to Verwey [31], the electronic conduction in ferrites is mainly due to hopping 

of electrons between ions of the same element present in more than one valence state, distributed 

randomly over crystallographic lattice sites. The crystal structure of ferrites shows that the 

cations are surrounded by oxygen anions and can be treated as isolated to one another. So the 

localized electron model is more appropriate to discuss the conduction mechanism in ferrites 

rather than the band model [32]. The hopping probability depends on the separation between ions 

involved and activation energies [33]. 
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1.5.1.2 Resistivity measurements 

 The resistivity of the semiconducting material is often measured using a two-point probe 

method using a constant voltage source. The electrical resistance (R) of a circuit component or 

device is defined as the ratio of the voltage (V) applied to the electric current (I) which flows 

through it, as given by Ohm’s law. 

                                                   I

V
R 

                                                                     (1.1) 

Whether or not a material obeys Ohm's law, its resistance can be described in terms of its bulk 

resistivity. The resistivity, and thus the resistance is temperature dependent. 

                                                       A

L
R




                                                              (1.2) 

Where ρ = resistivity in ohm – cm, ‘L’ is the height of the pellet and ‘A’ is the area of the pellet. 

         There are two methods used to measure high resistance, the constant voltage method and 

the constant current method. In the constant voltage method, a known voltage is sourced and an 

ammeter is used to measure the resulting current, while in the constant current method, a 

constant current is forced through the unknown resistance and the voltage drop across the 

resistance is measured. The constant current method is used when determining resistivity using 

the four-point probe. The activation energy “Ea” (eV) is calculated from the slope of the graph 

between ln ρ and 1000/T in accordance with the linear form of the Arrhenius type equation:                                           

 

Tk

E

B

a 0lnln 

                                                        (1.3) 
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Where ‘ρo’ is the resistivity at 0 K, ‘kB’ is the Boltzmann constant and ‘T’ is the temperature. The 

drift mobility “μd” (cm
2
 V

-1
 sec

-1
) of the charged can be calculated by following equation [34] 

                                           


ne
d

1


             (1.4) 

Where ‘e’ is the charge on electron, ‘ρ’ is the resistivity and ‘n’ is the concentration of charge 

carriers, which can be calculated by the following equation: 

                                          M

BN
n mA


               (1.5) 

Where ‘NA’ is the Avogadro’s number, ‘ρm’ is the measured density of sample, ‘B’ is the number 

of iron atoms in the chemical formula of the materials and M is molar mass of the compound. 

1.5.2 Dielectric properties 

 All insulating materials have a limit after which they cannot withstand the applied 

voltage. That limit of voltage is known as ‘dielectric strength’. It is dependent on thickness of the 

material and is normally given as the voltage gradient (volts per unit length). Materials that are 

electrically characterized as dielectrics are insulators. The dielectric constant is numerically 

defined as the ratio of the capacitance of a capacitor containing that material to the capacitance 

of the same electrode system with vacuum replacing the insulation as the dielectric medium. 

                                           A

Ct


                                                                        (1.6) 

C is the capacitance of a capacitor expressed in units of Farads, t is the thickness and A is the 

cross sectional area of the flat surface of the pellet. ε is the absolute permittivity of the dielectric. 

It is the measure of the electrostatic energy which is stored in the material [35].  
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           Usually the absolute permittivity of the dielectric is replaced by the product term ε0 εr, in 

which 0 is the permittivity of free space (vacuum), having a definite value of 8.85×10
-12

 Fm
-1

, 

and r is the relative permittivity, more usually called the ‘dielectric constant’. The dielectric 

permittivity of a sample can be calculated by the following eq. 1.7. 

                                          
A

Cd

0

/


 

                                                                        (1.7) 

            Where C is capacitance of a capacitor, d is thickness and A is area of pellet. The dielectric 

constant of all materials is dependent on temperature. In case of polymers there is rapid increase 

near their glass transition temperature. Dielectric constants are also a function of frequency. 

There is no material having relative permittivity less than that of a vacuum. So all materials have 

a dielectric constant greater than 1.   The ratio of  and  is known as tan  and mathematically 

it is the fraction of the maxium energy lost in each cycle, divided by 2π. It is known as  the ‘loss 

factor’ as shown in figure 1.3. Typically, the values of tan  are used as references.  

 

                            

 

Fig. 1.3: A common dielectric circuit and schematic representation of the loss factor (adapted 

from [36]) 

1.5.3 Thermoelectric properties 

 Thermoelectricity is a phenomenon in which the difference in temperature creates electric 

potential. Other way round, the electric potential creates the temperature difference. The effects 
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associated with thermoelectric phenomenon are the Seebeck effect (conversion of temperature to 

current), the Peltier effect (conversion of current to temperature) and the Thomson effect 

(conductor heating or cooling). The Seebeck coefficient is a measure of extent of thermoelectric 

voltage induced in a material as a result of a temperature difference [37]. It has units of volts per 

kelvin or microvolts per kelvin. By definition the thermoelectric power is given by  

   S = - V/T       (1.8) 

Where V is the change in voltage due to a temperature difference (T).  The difference in 

temperature can cause diffusion of electrons or holes from the hot side to the cold side. By this 

migration of charge carriers, oppositely charged carriers and immobile nuclei are left behind, 

thus giving rise to a thermoelectric voltage [38]. The thermoelectric power is dependent on the 

temperature and the crystal structure of the material. The sign of thermopower determines the 

type of charge carriers involved in electric transport in metals and semiconductors. Metals have 

comparatively small thermopowers as compared to semiconductors. The carrier concentration N 

can be calculated by using thermoelectric power α as  

N = No exp [-α/k]        (1.9) 

Where No = 10
22

 cm
-3

 for the semiconductors having low mobility. This includes ferrites because 

of localized energy levels. In case of single type of charge carrier responsible for electrical 

conduction the Fermi energy EF can be calculated by the given relation as 

EF  = eαT -  DkT        (1.10) 

Where e is the charge on electron,  is thermoelectric power, T is temperature, k is Boltzmann 

constant and D is diffusion constant. The thermoelectric power α for Y-type hexferrites was 
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found to be negative for all materials, indicating that all materials are n-type semiconductors 

(majority of charge carriers are electrons). 

1.6 Literature survey on electrical and thermoelectric properties of 

hexaferrites 

 Y-type hexaferrites are always an attractive material system since their discovery by 

Jonker in 1965 [39]. After this, much attention was paid to the crystal structure analysis and 

cation locations in the crystal system, afterwards, the magnetic and electrical characterization 

was put forward. Though the most instantaneous concern in hexaferrites lies in their electrical 

and magnetic properties, but in order to apply these materials for different potential applications, 

one should have a basic knowledge of general physical properties as well; especially when the 

potential properties are dependent on different modifiers and substitution [40]. The current thesis 

was aimed at catalytic, electrical and thermoelectric properties (relatively new and less 

investigated areas) of the Y-type hexaferrites, therefore, a precise account on the reported work 

relevant to these properties is being described below. 

 Many experiments were performed and the effect of addition of divalent, trivalent and 

tetravalent metal ions (such as Cu
2+

, Ni
2+

, Co
2+

, Cr
3+

, Ti
4+

, etc) in Y-type hexagonal ferrite has 

been studied by many scientists. The earlier papers focused on the crystal chemistry of the 

system and different crystallographic sites were discovered. Later on, as this material was 

researched, the electrical and magnetic properties were investigated thoroughly and addition of 

various cations was done in order to improve these properties. Albanese et al. [41] synthesized 

Zn2Y among Y-type hexagonal ferrites which have drawn more attention for its large initial 

permeability and low magnetic loss. It seems to be one of the most suitable for applications in 
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high-frequency devices except for its thermal stability. Many studies have been reported on 

addition of divalent, trivalent and tetravalent in Zn2Y hexaferrites. 

              Deriu et al. [42] carried out complete magnetic and Mössbauer characterization for the 

Y-type hexaferrites series with (Ba, Sr)2Me2Fe12O22 (Me = Zn, Cu, Cd) composition. It is noted 

that “the magnetic order in Zn2-Y is characterized by the presence of a “random flip” for which a 

quantitative model has been developed. The substitution of zinc with cadmium increases the spin 

flip, which, on the other hand, is reduced or eliminated by substitution of zinc with copper or of 

barium with strontium; the possibility of partially controlling the value of the saturation 

magnetization will follow. Also the planar anisotropy of Zn2-Y can be controlled and finally 

turned into an axial one by substituting zinc with copper”. It was concluded that substitution of 

Zn can improve the magnetic properties while addition of Cu can enhance the electrical 

attributes. 

             Ram [43] reported platelet-like particles of Sr2Fe
2+

2Fe
3+

12O22 (noted Fe2-Y) hexagonal 

ferrite obtained by crystallization in a glass matrix. The structure seemed thermally stable in the 

present system. An addition of 1 mol% Gd2O3 to the starting composition (4SrO-25Fe2O3-

71B2O3) favors the crystallization of Fe2-Y particles. Moreover, the Fe
2+

 cations incorporate on 

Sr
2+

 vacancies if (Fe2O3) present in an amount greater than that of the stoichiometric ratio. 

Magnetic and microstructural features of the materials appear particularly suitable for the use of 

millimeter wave device applications. Through this investigation the structural defect chemistry 

was focused in a novel way. 

              Chang et al. [44] have prepared the phases and magnetic properties of Y-type hexagonal 

ferrite, Ba2Zn2 (Ti,Co) y Fe12-2y O22 doped with two set of ions, (Ti, Co) and Cr. The samples 

were characterized by Electronic Spin Resonance (ESR) technique and two resonant peaks were 

observed. The line width increases with the increase in dopants. Kwon et al. [45] have studied 
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the microwave absorbing characteristics and resonance phenomenon of Y-type hexagonal ferrite 

microwave absorbers. These characteristics are influenced by the complex permeability and 

permittivity. Since the complex permittivity of a ferrite absorber is constant in the GHz 

frequency region, the microwave absorbing characteristics strongly depend on the resonance 

phenomenon of the ferrite body.Therefore, the effect of resonance phenomenon on microwave 

absorbing characteristics of Ni2-xZnx-Y rubber composites was studied. Composites always show 

the enhanced properties by the interface mixing of two unique phases. This paper also pointed 

out this fact and composite Y-type hexaferrite show better permittivity in GHz frequency range. 

               El Ata et al. [46] have studied the effect of composition on the structure, electrical 

conductivity, dielectric behavior, initial magnetic permeability and thermoelectric power for a 

series of Y-type Ba2Ni2-xZnxFe12O22 hexaferrite samples prepared using the standard ceramic 

technique. The x-ray diffraction patterns were studied while the DC electrical conductivity, 

impedance measurements were also recorded. The electric, thermoelectric and magnetic 

properties of Ba2Ni2-xZnxFe12O22 were also studied by El Hiti et al. [30] as a function of 

temperature and composition. All the materials were synthesized by using the ceramic technique. 

The DC electrical conductivity σDC, thermoelectric power α, drift mobility μd, carrier 

concentration n and initial magnetic permeability μi increased with increasing temperature while 

the Fermi energy EF decreased. Thermoelectric power (α) had all negative values which 

indicated that the majority of electric charge carriers were electrons. The conduction mechanism 

was divided into different regions based on drift mobility and activation energy values. It was 

reported that “the small values of μd and its strong temperature dependence (exponential relation) 

indicated that the hopping conduction mechanism is predominant at high temperatures in region 

III [30]. In region II, the band conduction mechanism shared in electric conduction process 

besides the hopping conduction mechanism. The band conduction mechanism was predominant 
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in region I”. In a nutshell it was concluded that electrons are the major charge carriers and the 

conduction in hexaferrites can be due to polaron hopping or band hopping depending on the 

temperature range. However the synthesized material owed high electrical resistivity which made 

this material more applicable in magnetic recording media and microwave devices. 

Obol et al. [47] studied the measurement of permeability of oriented Y-type hexaferrites, 

in order to fulfill the need of suitable materials having high permeability at microwave 

frequencies. There are two disadvantages in the use of Y-type hexaferrites as presently 

constituted. 1) They require high costs of fabrication. 2) The use of external fields requires the 

use of permanent magnets and large devices. This second  problem has been solved in this work, 

by orienting the c-axis of Y-type hexaferrite particles parallel to each other, thus converting it 

into a soft magnetic material. This was a unique problem addressed by Obol et al. and planar 

anisotropy of Y-type hexaferrites was discovered to be a good reason for these materials as soft 

magnetic material. 

Bai et al. [48] investigated the magnetic properties of Co2 – Y hexaferrite. The samples 

were prepared by solid state reaction method and a pure phase was obtained. Co2 – Y hexaferrite 

exhibits good hyper frequency properties with cut-off frequencies beyond 1 GHz, high 

permeability and low dielectric constant. It is a promising soft magnetic material to be used in 

hyper frequency applications. 

Sudakar et al. [24] carried out the wet chemical synthesis of multi-component 

hexaferrites by gel-to-crystallite conversion. Direct phase evolution of hexaferrites is evidenced 

from XRD analysis. Hysteresis loops for various compositions showed significant differences 

from hard M-type ferrites to soft Y-type ferrites. Through this investigation it was inferred that 

M type hexaferrite phase is the intermediate phase to form the pure Y-type hexagonal phase. 
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            Abo El Ata et al. [49] have investigated the dielectric dispersion of a series of 

polycrystalline Y-type hexaferrites prepared by standard ceramic method having composition 

Ba2Ni2−xZnxFe12O22 (where 0.0 x 2.0). The effect of the frequency, temperature and 

composition on their AC electrical conductivity σ′AC, and dielectric properties was investigated. 

It was observed that, the AC conductivity shows dispersion at high frequencies. The 

phenomenon of dielectric polarization and conduction mechanism was anticipated to be the same 

and results were explained on the basis of this assumption.    

 Cu, Zn-modified Co2Y polycrystalline hexaferrite powders were developed using the 

solid-state reaction method and studied for structural and magnetic properties by Bai et al. [28]. 

Introduction of Cu lowered the sintering temperature while Zn modification lead to the 

enhancement of permeability. Modification with Cu-Zn made the Co2Y hexaferrites better 

magnetic material having high frequency range applications. The microstructure of the samples 

was not affected by the variation of Zn content, however sintering processing affected it to a 

greater extent.  The initial permeability increased and the cut-off frequency decreased by 

increasing Zn content, because of the non magnetic nature of Zn. In Co, Zn-Y hexaferrite 

systems, saturation magnetization increased linearly at low temperatures with increase of  Zn 

content. Similarly,  Zn substitution also reduced the magnetic planar anisotropy. 

 Salunkhe et al. [50] investigated the infrared absorption spectra of Sr2Me2
2+

Fe12O22, Y-

type hexagonal ferrite with different divalent Me
2+

 substitutions viz. Zn, Ni, Cu and Mg. 

Presence of Fe
2+

 ion was observed for non-magnetic zinc and magnesium substitution. The 

higher frequency bands near 1089 cm
−1

 and 1200 cm
−1

 were attributed to the vibration of 

trivalent cations Fe–O bond present in both tetrahedral and octahedral sites. Four main 

absorption peaks were observed for the absorption spectra of Y-type hexaferrite. Two of them 

were at high frequency ν1 and ν2, one at medium frequency ν3 and one at low frequency ν4 with 
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some side bands in the near infrared region (400 to 1250 cm
−1

). Because of nearly identical ionic 

radii there was arbitrary replacement of Zn
2+

 or Mg
2+

 by Fe
2+

. These bands completely diminish 

in ferrites containing Cu and Ni substitutions indicating absence of Fe
2+

 ions in the composition. 

So we can conclude that ionic radii effects the infrared vibrations of the system and complete 

different set of bands is obtained by substitution.            

 Non-stoichimetric compositions of Ba2Zn0.6Co0.6Cu0.8Fe12−xO22−1.5x was also investigated 

by Bai et al. [51] for magnetic properties. It was observed that Co
2+ 

 improved the magnetic 

properties and increased the magnetic planar anisotropy, however, substitution of Cu lowered the 

sintering temperature. Increased cation deficiency lead to the departure from pure hexagonal 

phase and increased resistivity. The increased resistivity was attributed to collection of defects at 

grain boundaries and formation of high resistance regions at grain bounderies. For the samples 

with stoichiometric proportions, the resistivity decreased directly with the rise in sintering 

temperature, which is associated with both ferric valency variations and grain boundary effects.        

Obol et al. [52] investigated the zero field permeability of Y-type hexaferrite. In this 

research work, the measured permeability of Ba2MnZnFe12O22 from 0.045 to 10 GHz was 

theoretically explained in terms of zero magnetic field multi-domain and wall resonances. The 

analysis showed that the initial permeability are correlated with Hφ
A
 and magnetization 

remanance, 4πM. It may be possible to obtain high permeability in the order of 100, if either 

magnetization remanance is increased or Hφ
A
 is reduced.           

Salunkhe et al. [53] suggested that by substitution of nickel in Sr Y-type hexaferrite, great 

improvement in magnetic properties can be achieved. Solid state reaction method was used to 

prepare the nickel substituted Sr–Y hexaferrite. The substituted compounds were also single 

hexagonal phase with lattice parameters of a=5.881 Å and c=43.52 Å. The achieved compound 

was ferrimagnetic in nature at room temperature having a transition temperature of 698 K. A 
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dual conduction mechanism was demonstrated by electrical conductivity measurements. The 

compound developed had high room temperature resistivity (8.935×10
9
 Ω cm) and was 

semiconductive in nature. The true density of the compound was calculated to be 5.008 gm.cm
-3

, 

which is 99.68% of the theoretically calculated value of X-ray density (5.024 gm.cm
-3

). Various 

lattice parameters, density values and resistivity was measured and various hkl planes were given 

in this paper which are helpful for the structural analysis. 

Effect of Sr substitution in Ba2 xSrxZn1.2Co0.4Cu0.4Fe12O22 (x= 1.0-2.0) was studied by 

Bai et al. [54]. Solid-state reaction method was adopted for the synthesis of pure and doped 

samples. Results showed that Sr
2+

 could not completely replace for Ba
2+

 ions in Y-type 

hexagonal ferrites. The maximum concentration of Sr which can lead to successful formation of 

Y-type ferrite was about x=1.8. At higher concentrations the lattice mismatch was induced and 

the main reason was differnce of ionic radii of Ba
2+

 and Sr
2+

 ions. While Sr content being equal 

or less than 1.0, enhanced the magnetic properties. Due to different sizes of ions, superexchange 

interactions were promoted which lead to improved magnetic properties.  

 Sr2Cu2-xMnxFe12O22 (x=0.0, 0.4, 0.8, 1.2, 1.6 and 2.0) prepared by ceramic method were 

studied by Safaan et al. [55] for permeability measurements. The initial magnetic permeability 

was dependent on temperature, hence divided into different regions. The anisotropy constant 

increased with distribution of Mn and Cu ions in lattice. It was also observed that the lattice 

parameters did not vary significantly with composition. A relatively significant decrease in the 

bulk density and a corresponding increase in porosity of the sample Sr2Mn2Fe12O22 was seen 

where the Mn ions have completely substituted the Cu ions. 

           Solid state reaction method was employed by Bai et al. [56] to study the effect of bismuth 

(Bi) doping on potential properties of  Ba2−xBixZn0.8+xCo0.8Cu0.4Fe12−xO22 (x = 0–0.4). Low 

content of  Bi (x = 0.05–0.25) did not destroy the pure phase of Y-type hexagonal ferrite, but it 
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lowered the phase formation temperature. Bi substitution also promoted the sintering process. 

These doped samples exhibited excellent magnetic and dielectric properties in hyper frequency 

hence useful for multi-layer chip-inductive components.  

          Two different methods citrate sol–gel auto-combustion method (CSAM) and solid-state 

reaction method (SSRM) were used by Bai et al. [57] to study the phase formation process, 

microstructure and magnetic properties of Y-type hexagonal ferrites. The selected material 

system has stoichiometric composition of Ba2Zn1.2−xCoxCu0.8Fe12O22.  Increasing Zn content 

increased the magnetic permeability while dropping off the cut-off frequency. The magnetic 

properties are also correlated with the sintering temperature and microstructure and it was 

observed that increasing sintering temperature increased the permeability,( μ′). It was concluded 

that sol-gel auto combustion method requires less annealing temperature and less drastic 

conditions to form hexagonal phase. 

Bi-Zn was co doped in Y-type hexaferrite and it was observed that samples showed high 

electrical resistivities over 10
8
 Ω-cm, about an order of magnitude higher than Bi-free samples. 

Furthermore, the electrical resistivity did not vary with Bi amount. Bi
2+

 substitution for Ba
2+

 in 

oxygen sites and did not directly react with Fe
3+

 to increase concentration of Fe
2+

. Bi doping also 

lowered the sintering temperature and did not destroy the electronic properties, but increased the 

electrical resistivity [58].  

Electrical resistivity and magnetic measurements were conducted by Iqbal et al. [59] in 

Zr-Co codoped Ba2Cd2Fe12O22. The resistivity and Curie temperature of material increased with 

increasing Zr and Co substitution. Co is the ion with magnetic moment and Cd is non magnetic 

ion. Introduction of Zr-Co lead to the stability of hexagonal phase and enhanced magnetic and 

electrical properties. 
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Y-type hexaferrites are characterized by magneto-electricity, which is the recent interest 

of scientists in Y-type hexaferrites nowadays. It is the phenomenon of inducing magnetic 

(electric) polarization by applying an external electric (magnetic) field. These effects depend on 

the external field and can be linear or nonlinear. Generally these effects depend on temperature. 

As the Y-type hexaferrites are magnetic materials so there can be coupling of magnetic and 

electric order parameters resulting in an interesting property of multiferroic materials. These 

types of materials have promising applications in sensitive detection of magnetic field, advanced 

logic devices and tunable microwave filters [60]. Distribution of Zn in magneto-electric 

Ba0.5Sr1.5Zn2Fe12O22 hexaferrites was discussed by Kourel et al. [61] by NMR spectra and ab 

intio simulations. Experimental spectra were compared and the distribution parameter  was 

calculated. Change of  doesn’t exceed 10 %. A detailed impedance and dielectric studies of lead 

doped Co2-Y were conducted by Costa et al. [62]. Rietveld refinement of XRD data confirmed 

the pure hexagonal phase. Impedance plots were explained on the basis of grains and grain 

boundaries. Impedance plots showed the non-Debye behavior of the dielectric relaxation. It was 

found that PbO has a small influence on the activation energy and the conductivity process was 

attributed to the same type of charge carriers (electrons) as of relaxation. 

Magnetic and magneto-electric properties of single crystal of Ba2-xSrxNi2Fe12O22 were 

studied by Hiraoka et al. [63]. In the prepared crystals a ferromagnetic order developed below 

660 K. Substitution of Sr affected the ferromagnetic ordering and transition temperature. The 

electric polarization above 100 K was not observed due to the leaky behavior. Annealing of 

crystals led to the increase of resistivity up to 10
3
 orders at 300 K. Improvement in structural, 

electrical and magnetic properties of Ca2-Y was observed by Al substitution [64]. The samples 

were prepared by microwave induced sol-gel combustion method. The well-defined grains of 80 

nm were observed by SEM micrographs. The electrical behavior was same as of semiconductors 
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and conduction mechanism was explained based on Verwey hopping model. The substitution of 

Al and nano regime improved the magnetic properties as well. 

The structural, dielectric, magnetic and NMR studies of multiferroic Ba2-xSrxMg2Fe12O22 

synthesized by chemical citrate method were studied by Khanduri et al. [65] recently. It was 

found that substitution of Sr altered the magnetic phase transition temperature and magnetic 

behavior. Sr substitution shifted the Curie temperature to higher value.  The NMR spectral peaks 

for Ba2Mg2Fe12O22 were broad due to a complex structure. Dielectric characterization showed 

that there are relaxation peaks around the Curie temperature showing the change in magnetic 

order effect. Tsuyoshi Kimura reviewed the class of magneto-electric hexaferrites in detail [66] 

in which complex magnetic orders give rise to electric polarization, i.e., magnetically induced 

ferroelectrics. These effects typically occurred “at temperatures that are too low to be virtually 

useful. Some of the hexaferrites such as Z-type Sr3Co2Fe24O41 were found to exhibit a low-field 

Magneto electric (ME) effect at room temperature. The discovery clearly demonstrates the 

magnetic-field control of ferroelectricity at room temperature and represents an important step 

toward practical applications using the ME effect. The results presented provided the promise of 

practical ME device applications including nonvolatile memory where information is stored as 

electrically detectable and electrically controllable spin helicity”. 

One of the major characteristics of the Y-type hexaferrites is their magnetic  property. 

There is a huge literature on the magnetic properties of the Y-type ferrites but as it is not the 

subject of this thesis therefore, not referred to further.   

1.7 Nitrous Oxide (N2O) 

Nitrous oxide also known as ‘laughing gas’ is an oxide of nitogen with chemical formula 

of N2O. Under normal conditions at ambient temperature it is a colourless and non-flammable 

gas, with a slightly sweet odour and taste. It is used in surgery and dentistry for its anaesthetic 
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and analgesic effects. Nitrous oxide is part of the nitrogen cycle and it is naturally present in the 

earth’s atmosphere. It has a variety of natural sources but human activities such as agriculture,  

fossil fuel combustion, wastewater management, and industrial processes play an important role 

in increasing its amount. The molecule of N2O stays in the atmosphere for an average of 120 

years before being removed by a sink or devastated through chemical reactions. The effect of 1 

pound of N2O on warming the atmosphere is over 300 times that of 1 pound of carbon dioxide 

[67]. The nitrous oxide emission has decreased in the U.S. by 3 % from 1990 to 2010 and this is 

only due to vehicle emission control technologies and installation of pollution control measures 

in adipic acid production industries [68]. However, despite all these efforts the N2O emissions 

are projected to increase by 5% mainly due to agricultural activities between 2005 and 2020.   

 Along with this negative impact on the environment, nitrous oxide has a few very good 

usages. It was introduced as the multi-purpose propellant for space propulsion as it has the 

inherent advantage of being used as a fuel. Due to its non-corrosive nature, it can be used safely 

with common aerospace construction materials [69]. It is a stable gas and unreactive to other 

gases like ozone, hydrogen and halogens at ordinary temperatures. One of the advantages of 

using nitrous oxide as propellant is that the decomposition products (nitrogen and oxygen) are 

parts of air. On the basis of these facts nitrous oxide was classified as a non-flammable by the 

US department of transportation, and is shipped with required “Green Label” [70]. The main 

properties of N2O, which make it attractive for multi-purpose rocket propellant, are 

i) Can be stored as liquid (754 kg/m
3
) having a vapor pressure of 52 bar at 20°C. 

ii) It decomposes adiabatically with the decomposition temperature of 1640°C.  

iii)      Oxygen being one of the decomposition products can be combusted with a wide  

variety of other fuels.  
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Based on these properties, nitrous oxide can be widely applied for many purposes like, 

power and oxygen generation on board spacecraft, cold-gas propulsion for attitude control of 

spacecraft, bipropellant thrusters for large orbital maneuvering and mono-propellant thruster for 

spacecraft station-keeping. Considering the history of nitrous oxide as a propellant, the 

American Rocket Company (AMROC) used it as an oxidizer for its hybrid motor rocket [71]. 

However, it is still to be recognized as an official rocket propellant. It can also be used in 

amateur rocketry in combination with solid and liquid fuels [72]. Surrey’s space center used it 

for orbit correction on the UoSAT-12 mini-satellite [73]. The space cruiser system is planned to 

use three nitrous oxide/propane pressure fed, rocket engines in future endeavors [74]. 

1.7.1 Decomposition of nitrous oxide 

 Many catalysts are studied so far for the decomposition of nitrous oxide. These 

catalysts will be reviewed in the literature survey but before that we should have a mechanistic 

view of this decomposition reaction. Several mechanisms have been proposed for this and 

various factors like temperature, partial pressure dependencies are studied. Although there is no 

general rule of thumb but some unification exists in this regard. The decomposition of nitrous 

oxide takes place by adsorption of N2O at catalytically active sites (*), which are usually a 

coordinatively unsaturated transition metal cation, followed by the decomposition resulting in the 

formation of N2 and oxygen [75]. This surface oxygen (O*) can further react with N2O or with 

another oxygen and desorbs. This reaction can be generalized on surface as 

  N2O + * ↔ N2O
*
        (1.11) 

  N2O
*
      → N2 + O

*
        (1.12) 

  2O
*
       ↔  O2 + 2

*
        (1.13) 
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  N2O + O
*
  → N2 + O2 + *       (1.14) 

 By adsorption of N2O on a catalytically active site, there is a charge donation from the 

catalyst into the antibonding orbitals of N2O, which destabilizes the bond between N and O 

leading to decomposition. Compounds having more than one valency such as oxides and 

transition metal ions can act as the active centers. Along with this, disorders like F centers and 

oxygen vacancies play an important role in the activities of oxide surfaces. The oxygen produced 

by the decomposition reaction can inhibit the catalytic activity to some extent for some of the 

catalysts. Moreover, this inhibition occurs up to a certain level, after which there is no effect of 

the decomposed oxygen. This inhibition is due to the re-adsorption of oxygen. 

  O2 + * → O2
*
  → 2O

*
        (1.14) 

In case of oxides this molecular adsorption can result in the formation of O2
-
 which further reacts 

with 2O
-
 by donating a second electron. On increase in temperature this reactive O- species can 

further transform into the more tightly bonded O
2-

. Many factors influence these transformations 

like temperature, the nature and concentration of transition metal ions, and mobility of oxygen. 

1.7.2 Catalysts studied for N2O decomposition-a literature survery 

1.7.2.1 Low concentration N2O decomposition 

 The pioneers, who studied the catalytic decomposition of nitrous oxide include M. 

Volmer, M. Bodgen, C. N. Hinshelwood, C. R. Pirchard, G. M. Schwab, B. Eberle and E. W. R. 

Steacie [76]. This reaction was studied at first due to the fact that N2O is a greenhouse gas and 

effective means are necessary for its catalytic decomposition. So all the catalytic systems 

developed were for low concentration of N2O. The upper limit of low concentration falls at 5 

ppm. Many solid catalysts have been developed and reported in the literature. This includes 
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supported and unsupported metals, zeolite systems and pure and mixed oxides.  The pure metal 

catalysts include Pt, Pd, Au, Ag and Ge on which the decomposition generally occurs at 650 K 

[77]. Pt is regarded as the most effective and efficient catalyst among the metals. The inhibitory 

effects of oxygen were studied and activation energies were calculated for different metals, 

which were in the range of 135-146 kJ mol
-1

 [78]. Pure metal oxides were used as catalysts and it 

was found that the highest activities were shown by oxides of group VIII transition metals; Rh, 

Ir, Fe, Ni and Co [79, 80]. Highest activities per unit surface area were shown by Cao, SrO, V2O3 

and HfO2 [81], while moderate activities were found by the group II, III and VII oxides. In case 

of metal oxides the valency of an element is very important. For example Mn can exist in various 

oxidation states so the activity order will be dependent on the oxidation states i.e. 

MnO<MnO2<Mn3O4<Mn2O3 [82]. Thus Mn
3+

 seems to be the optimal oxidation state. Likewise 

V2O3 is more active than V2O5 [83]. In various experimental conditions some oxides are not 

stable and they convert into the other oxidation states which can affect the overall activity of the 

catalyst [82]. The activation energies calculated for different metal oxides were in the range of 

80-170 kJ mol
-1

 [75]. 

 Mixed oxides were widely studied, for the N2O decomposition reaction, including 

doped oxides, solid solutions, spinels and pervoskites etc. The detailed systematic study was 

conducted by Cimino, Stone and others [84-87] on the mixed oxide systems as MgO, Al2O3 and 

MgAl2O4. They found that the catalytic activity was dependent on the concentration of transition 

metal ions. The specificity of transition metal ions was observed depending on the oxidation 

states. For example it was demonstrated by Cimino and Indovina [87] that Mn
3+

 dispersed in 

MgO is more active than Mn
2+

 and Mn
4+

. The inhibiting effect of molecular oxygen was also 

observed in these systems. Co-aluminate was reported as the most active system of pure 

transition metal aluminates [88]. Pervoskites and spinels are of the main interest in this regard. 
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Pervoskites have the chemical formula as ABO3, however the double structure exists as 

AA´BB´O6. The A ion is generally a rare earth metal ion and the larger one and mostly it is 

catalytically inactive, while the B ion is mostly a 3d transition metal like Cu, Co, Ni, Mn, Fe, Ti 

and mainly responsible for the catalytic activity. Substitution of various elements of different 

valencies gives rise to defects and can lead to the catalytically active sites. The structure with 

different stoichiometry can be represented as A´xA1-xB´yB1-yO3-, where  is the oxygen vacancy 

for compensation of charges. Based on these substitutions, various compositions were developed 

[89]. The pervoskites have the intrinsic advantage of having structural and thermal stability 

because they are processed at high temperatures. However, high temperature processing leads to 

the decrease in surface area (<10 m
2
/g). Even with low surface areas these compounds have high 

reactivity. The B site cation was varied in LaMO3 (M= Co, Ni, Fe, Mn, Cr) and a correlation was 

developed between the activation energy and decomposition temperature [78]. It was found that 

the used cations followed the order for their catalytic activity as Co>Ni, Cu>Fe>Mn>Cr. Effect 

of oxygen was also varied depending on the B site cation substitution. In case of A site 

substitution in MMnO3 (M= La, Nd, Sm, Gd), the activation energy was decreased which was 

associated with facilitated desorption of oxygen [82]. Partial substitution of variable valent 

cations also proved to be highly active [90].  

 Alumina, among the supported oxides, is mostly used as a support for metal cation (Pt) 

and other oxides as Cu, Co, Mn, Ru, Fe etc. [91-93]. Silica and zirconia were also used as 

supports but alumina provided the best results because owing to its high surface area. Zeolite 

catalysts were widely investigated for the concerned reaction. Some of the recent catalysts 

identified with high activities are based on transition metal ions with suited zeolites [94-96]. A 

combination of metal ion and zeolite type determines the activity as a catalyst for N2O 

decomposition reaction. But for some metals, this activity can be deactivated when used with 



29 
 

zeolite. For example Pt is a very good catalyst alone but when used with zeolite, it is hardly 

active [75]. For the most studied zeolite, ZSM-5, the activity order for various metal ions is as 

Rh, Ru> Pd> Cu> Co> Fe> Pt> Ni> Mn [97]. One of the main aspects of zeolites is that Cu-

ZSM-5 has been reported to be active for photocatalytic decomposition of N2O. UV radiation 

(<300 nm) stimulates the reaction [76]. It was also noted that N2O itself can decompose in UV 

radiation, however, the UV radiation triggers the charge donation resulting in high activity of 

Cu-ZSM-5. 

1.7.2.2 High concentration N2O decomposition 

 Very few catalysts have been studied for high concentration N2O decomposition. As 

discussed earlier the noble metals supported on any media can perform very well for the catalytic 

purpose. In this regard various metals were studied dispersed on supports to see the effect on 

catalytic activity. Zhao et al. [98] prepared the mullite (Al2O3-SiO2) supported Rh catalyst, for 

which the complete reduction was achieved near 573 K. The catalytic activity was associated 

with the redox reaction while the effect of oxygen desorption was also studied. This catalyst 

provided high reliability in the ignition and good stability thus proved to be a good catalyst. TiO2 

promoted Ir/Al2O3 were used for the direct decomposition of N2O [99]. Different 

characterization techniques revealed that the enhancement in activity was due to the properties of 

the support material. Iridium was well dispersed in the media and reversible oxygen desorption 

promoted the catalytic activity. Ru was supported on Fe substituted hexaaluminates and it was 

found out that the activity was promoted due to occupancy of Ru in various crystallographic sites 

of hexaluminate [100].  

 Hexaaluminates are structurally very important, stable and widely investigated 

materials for catalytic activities. The exceptional thermal stability of hexaaluminates is due to  
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their layered structure, which consist of alternate stacking along the c-axis of -Al2O3 spinel 

blocks and mirror planes in which large alkaline (K
+
), alkaline-earth (Ba

2+
, Ca

2+
, Sr

2+
), or rare-

earth (La
3+

) cations are positioned [101]. Two types of structures, -alumina or 

magnetoplumbite-like structures, are obtained based on the composition and the defectiveness of 

the mirror plane. This class of materials classically crystallizes “as hexagonal planar particles 

with strong anisotropic shape, because the grain growth along the direction of the c-axis is very 

slow due to the inhibition of ion diffusion along the stacking direction” [102]. Substitution of 

transition metal ions in Al
3+

 positions of the spinel blocks allows one to introduce redox-active 

(catalytic) sites in the structure with little effect on the sintering resistance of the material [103].  

Mn-and Fe-substituted lanthanum and barium hexaaluminates proved to be thermally stable 

catalysts for combustion applications. Their structure is closely related to Y-type hexaferrites. 

Santiago et al. [104] studied the catalytic decomposition of N2O on the metal substituted 

hexaaluminates and found that Fe and Mn containing catalysts were more active as compared to 

Ni substituted.  Metal substituted hexaaluminates were widely investigated by many groups and 

it was found that these are highly active, stable, selective and inexpensive materials for high 

temperature N2O decomposition in the chemical industry. Hexaaluminates also served as the 

support for noble metals and noble metals entered the hexaaluminate matrix by substituting Al
3+

, 

however some species remain outside the crystalline framework and make the catalyst more 

susceptible to sintering and make it less stable [105]. 

 From the ferrites family, only the spinels have been studied so far for the N2O 

decomposition. Catalytic decomposition of N2O was studied over CeO2 promoted Co3O4 spinel 

catalyst [106]. The addition of CeO2 to cobalt spinels led to the enhanced catalytic activity by 

reduction of Co
3+

 to Co
2+

 and facilitated the oxygen desorption.  Catalytic decomposition of 

nitrous oxide was also studied on CuxCo3-xO4 [107] and two different regions were observed on 
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the basis of activity. The activity pattern was explained on the basis of active sites and solid state 

interactions and it was concluded that in both regions the catalyst with a higher copper content 

was less active. Russo et al. [108] conducted a detailed study of this decomposition reaction over 

various spinel oxides. Temperature programmed reactions were used to evaluate the activity in 

the presence and absence of oxygen. A series of spinel AB2O4 was developed where A= Mg, Ca, 

Mn, Co, Ni, Cu, Cr, Fe and Zn, while B= Cr, Fe, Co. It was concluded that the catalytic activity 

was dependent on the B site metal and catalysts having Co at the B site proved to be the best. 

MgCo2O4 exhibited the highest activity due to owing high surface area resulting in 

accommodating more surface vacancies. The inhibitory effect of oxygen, water and carbon 

dioxide was observed for these catalysts. Yan et al. [109] observed the significant increase in 

catalytic activity by using ZnxCo1-xCo2O4. They also observed that substitution of cobalt 

enhanced the catalytic activity; however, this catalyst was also subjected to degradation in the 

presence of oxygen and steam. Spinel Co3O4 was also used as support for Au to be used as 

catalyst for nitrous oxide decomposition [110]. Gold species were highly dispersed on cobalt 

oxide matrix and a strong interaction was observed. At low temperature water suppressed the 

decomposition due to the occupation of active sites but at high temperatures the activity was 

regained by desorption of water. Hence effective decomposition was achieved even in the 

presence of water and oxygen.  

 Y-type hexaferrites may not have been studied for their catalytic activity against N2O 

decomposition to the best of our knowledge. However, closely related materials from the same 

class (M-type hexaferrite) are rarely studied as catalysts for some reactions. Favre et al. [111] 

prepared BaFe12O19 doped with Ir and studied it for the catalytic combustion of methane. Their 

findings were that pore structure of barium M-type lacks the stability but the prepared material 

was very active for the concerned reaction. Adding Ir influenced the phase formation and 
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specific surface area and played an important role in the catalytic activity enhancement. These 

M-type hexaferrites are regarded as the structurally same as hexaaluminates, but the stability of 

the crystal structure is quite different. A detailed study was conducted by Bukhtiyarova et al. 

[112] on selective catalytic reduction of nitrogen oxide by ammonia on substituted strontium 

hexaferrites. The material developed was Sr1-xCexMn6-yWyFe4Al2O19. The ferrites calcined at 700 

°C were multiphase with the surface area of 27-59 m
2
/g. Introduction of Ce and W lead to 

decrease of surface area. Sr
2+

 was mainly localized at the surface while the other components on 

the surface were Mn
3+

, Fe
3+

, Ce
4+

 and W
6+

. The selective catalytic reduction was dependent on 

the nature and ratio of the dopant contents. Maximum conversion was obtained by selecting 

Sr0.8Ce0.2Mn5.16W0.84Fe4Al2O19 doped composition. The activity of the catalyst was determined 

by the surface acidity, surface atomic ratio of Mn/Fe and the presence of active oxygen. 

1.8 Reasons behind the selection of Y-type hexaferrites as catalysts.  

 An efficient catalyst is characterized by having high activity, large surface area, being 

environmental friendly, and with enough stability at high temperatures and working conditions. 

Further, it includes a low sensitivity to oxygen and steam inhibition and also a tolerance to 

poisons like SO2 and CO2. The catalyst should also be hydrothermally stable and attrition 

resistant. In the context of N2O decomposition all of the catalysts mentioned above are 

associated with various problems of activity and stability. Some of the common observations 

recorded in literature are; 

 Noble metals provided the best catalytic activity either alone or dispersed on any 

support but they are very expensive to be employed commercially.  

 Most of the catalysts do not initiate reaction at low temperature and even a high 

threshold temperature is required which affects the efficiency of the catalyst. 
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 Most of the catalysts like spinels and zeolites cannot withstand at the high reaction 

temperature of N2O decomposition reaction (1600
o
C) and thus degrade during the 

process.  

 One of the problems associated with pervoskites and spinels is that their phase can 

easily collapse and the catalytic activity is badly affected. 

 Hexaaluminates are structurally and thermally stable class of compounds and proved 

to be very good catalysts for N2O decomposition but they require essentially the 

noble metals in the matrix. 

 One of the very important problems associated with all the catalysts was that they 

were adversely affected in the presence of oxygen, steam and other gases.  

 Based on these findings Y-type hexaferrites were for the first time explored for their 

catalytic activity against N2O decomposition. The motivation behind the research proposal was 

based on the following exceptional properties of Y-type hexaferrites. 

 Y-type hexaferrite hexagonal structure is composed of alternating S and T building 

blocks. This type of arrangement provides the exceptional stability to the structure 

towards the degradation and phase collapse is least expected. 

 Pure phase of Y-type hexaferrite is normally achieved at higher temperatures by 

conventional synthesis methods. Due to high temperature calcination the developed 

materials are thermally stable and resistant to sintering at high temperatures. 

 Y-type hexaferrites can be developed by using the cheap precursors and no specialized 

means of synthesis is required, which leads to the production of cost effective 

catalyst. 

 The alternate arrangement of building blocks in the formula unit of Y-type hexaferrites 

allows the substitution of various multivalent cations in the structure. Due to the 
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variation of these cations, a wide range of materials with different physical properties 

can be developed and the best catalyst can be selected. This arrangement endows the 

material with additional redox properties. 

 One of the major motivations for this project was the fact that hexaferrites are 

excellent microwave absorbing materials and capable of initiating stable microwave 

discharge. So combination of hexaferrite material with microwave discharge was 

anticipated to have a great impact on the catalytic activity. 

1.9 Sources of motivation 

o Considering the properties of the ferrites in general and hexaferrites in particular it is 

anticipated to test these compounds for new applications. Further, since different 

combinations of metals in ferrites are possible so it is highly desirable to synthesize new 

compounds with either improved properties or with novel applications. 

o To improve the syntheses method or even go for new ones with advantages over the 

existing methods.   

o As documented above much of the work reported describes the magnetic and electrical 

properties of these compounds and the catalytic aspects of the hexaferrites is hardly 

available. Moreover, spinels having good catalytic activity (for combustion of methane 

and decomposition of N2O) but with poor stability made us to think about Y-type 

hexaferrites as an option. 

1.10 Aims and objectives of the research  

 Based upon the above sources of motivation the following aims and objectives were 

set and executed for this work.  
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1. To synthesize a new class of Y-type hexaferrites by doping different cations in the parent 

composition of  Ba2Mg2Fe12O22 .  The prepared series are as follows;  

i. Ba2Mg2Fe12-2xAlxO22 

ii. Ba2Mg2-xCoxFe12O22 

iii. Ba2Co2Fe12-2x(Zr,Ni)xO22 

iv. Ba2Co2Fe12-2x(Ti,Mn)xO22 

The dopants were chosen on the basis of following criterion. 

a. The ionic radii of the chosen metals are closely similar to each other as Fe
3+

 

(0.64Å), Al
3+

 (0.53Å), Zr
4+

 (0.80 Å), Ni
2+

 (0.69Å), Mn
2+

 (0.80Å) and Ti
4+

 

(0.81Å). 

b. All the dopants have unpaired electrons which render their magnetic and electric 

properties in the system. 

c. Tetravalent cations like Zr
4+

 and Ti
4+

 render the stability to the hexagonal system 

thus make the system sintering resistant. 

d. Co, Ni and Mn are known to have good catalytic properties when used in 

combination of oxides, so these metals were chosen to enhance the catalytic 

activity of system. 

2. Introduction/improvement in the synthesis methods for the hexaferrites. In the present 

work three different synthetic routes were adopted ;(i) conventional sol-gel method (ii) solid-

state method, and (iii) microwave assisted method. The achievement was introducing the 

microwave technology with improvement in the desired properties. 
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3. To explore the catalytic activity of the synthesized compounds for N2O 

decomposition. Something very special and novel of this work is the catalytic decomposition 

of high concentration of N2O with very promising results. 

4. To study the thermoelectric attributes of the hexaferrites along with the electrical 

properties. Thermoelectric studies provide the insight of the conduction mechanism going on 

within the structure. So the detailed electrical characterization was required to associate the 

conduction mechanisms with the catalytic activities. An attempt has been made to link the 

structural, electrical and catalytic properties. 

5. To deliberate on the mechanism of electrical conductivity in hexaferrites. For this 

electrochemical impedance spectroscopy (EIS) was employed and the mechanism of 

electrical conductivity was investigated in the high and low temperature and frequency 

range- an area rarely explored before.  

In short the current research work introduces some newly synthesized Y-type hexaferrites with 

both conventional and new methods while focusing on their catalytic, electrical and 

thermoelectric attributes.  

1.11 Outline of thesis 

 The thesis is structured in seven (07) chapters. Each chapter (with little variation in 

chapter 1), starts with relevant introduction followed by the details of the experiments and lastly 

describes the results with their due interpretation. A bibliography is given at the end of each 

chapter in the order referred in to the text. 

   Chapter 1 gives an introduction of the ferrites and their different classes while 

focusing on the Y-type hexaferrites. A precise literature survey on the structural, electrical and 
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thermoelectric properties is presented. This is followed with the properties and decomposition 

study of nitrous oxide (N2O) reported so far while incorporating the catalyst used till today.  

 In Chapter 2, the novel results of nitrous oxide decomposition by newly synthesized 

Al substituted Ba2Mg2Fe12-xAlxO22 series are discussed. The catalytic activity as a function of 

composition is discussed.  The results for conventional sol-gel synthesized samples and those 

treated with microwave radiations are compared.  The effect of the presence and absence of 

steam on the catalytic activity is also presented. 

 Chapter 3 focuses on the synthesis and catalytic characterization of cobalt substituted 

hexaferrites i.e. Ba2Mg2-xCoxFe12O22. Again the conventional sol-gel and microwave irradiated 

materials are compared for catalytic activities. Considerable improvement in the catalytic activity 

on substitution of cobalt is discussed. 

 After discovering Y-type hexaferrites as new, inexpensive and active catalysts for 

nitrous oxide decomposition, attention was diverted to study the effect of different synthesis 

methods on catalytic activity of the compounds. For this purpose a new series of compounds 

Ba2Co2Fe12-2x(Zr,Ni)xO22 was developed by employing sol-gel and microwave heating methods. 

The compounds were structurally compared for both methods by XRD, SEM, TGA, BET surface 

area and O2-TPD techniques. The details are presented in Chapter 4. 

 Chapter 5 gives the details of Ti and Mn co-doped Ba2Co2Fe12-2x (Ti, Mn)x 

compounds that were synthesized based on the fact that Ti and Mn proved to show remarkable 

catalytic activities when substituted in different compounds. The electrical attributes of the 

materials studied by measuring DC and AC resistivity and dielectric constant values are 

presented. The correlation between the catalytic and electrical properties is discussed. The 

chapter also deliberates upon the thermoelectric characterization which in turn was used to 
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understand the conduction mechanism and nature of charge carriers responsible for the 

conduction.  

  Detailed electrical characterization was conducted for Ba2Co2Fe12-2x(Zr,Ni)xO22 

prepared by the solid state reaction method  and the results are discussed in Chapter 6. The 

study comprises of electrical properties based on resistivity, dielectric and impedance studies. 

Based on the findings two different conduction mechanisms are proposed in two different 

temperature regimes. The electrical characterization of this class of compounds is conducted for 

the first time at very low temperature (-5 to -150 °C).  

 Finally, Chapter 7 will bring forward the conclusions drawn from the entire work. 

Additionally, the future perspectives of the research are anticipated. This is followed by the list 

of publications that came out as a result of this work.  
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Chapter 2 

Microwave-assisted catalytic decomposition of N2O 

over Ba Y-type hexaferrites 
 

 

 

 

 

 

 

 

 

2.1 Introduction 

 Catalytic decomposition of nitrous oxide has been widely investigated for many years. It 

is desirous mainly for two reasons. Nitrous oxide has an adverse contribution to the destruction 

of stratosphere and depletion of the ozone layer. It has a long residence time of 150 years having 

a large energy absorption capacity per molecule [1]. The other reasons are its low toxicity, self-

pressurizing competence and secure storage which makes nitrous oxide a strikingly adaptable 

rocket propellant [2]. It can be stored as a liquid and readily decomposes into N2 and O2 in an 

exothermic reaction having a decomposition temperature of about 1600˚C.  

Scientists for a long time have been in  search of a catalyst which can decompose this gas 

at low temperature and has a good catalytic activity and thermal stability [3]. Notable catalysts 

investigated in this regard include supported metals [4], spinels [5, 6], zeolite based compounds 

[7], hydrotalcites [8] and supported oxides [9]. Hexaluminates [10, 11] caught the interest of 
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many scientists due to its layered structure and sintering resistance capability. All of the catalysts 

are active for this reaction but unfortunately they deactivate at high temperature and in the 

presence of coexisting gases, such as H2O. 

 Microwave discharge is a kind of internal heating having extraordinary characteristics of 

rapidity, homogeneity, and high energy proficiency [12], and using it can offer an exclusive way 

to prompt catalytic reactions [13]. There have been only a few studies on the N2O decomposition 

by using a microwave discharge [14-18]. Rare gas and external electrodes have been used to 

maintain the stable discharge at atmospheric pressure [16], though, this process was not 

discerning and NO was generally emitted accompanied with N2 and O2. Catalytic decomposition 

can be very selective but often requires high temperatures. Coupling microwave discharge with 

catalytic decomposition seems to be a better solution to overcome this problem. The strategy is 

to develop such a catalyst which can produce a stable discharge and be itself active and thermally 

stable in the N2O decomposition process. 

Ferrites, oxides of iron, are divided into four classes mainly spinels, garnets, orthoferrites, 

and hexagonal ferrites. Out of these classes only spinels have been investigated for the 

decomposition of nitrous oxide. Spinels provide good catalytic activity but they cannot tolerate 

high temperature and their crystal structure collapse [5, 6]. Y-type hexagonal ferrites have good 

stability with stoichiometric combination of divalent and trivalent cations arranged specifically 

in oxygen layers. Oxygen layers form two blocks S and T, arranged in alternate manner 

accommodating small trivalent cations and large divalent cations in octahedral and tetrahedral 

positions
 
[19]. Various metal cations can be substituted in the structure without having an 

adverse effect on phase and stability. So far Y-type hexaferrites are extensively studied with 

respect to magnetic and electrical properties but not much attention is paid to their catalytic 

properties. Current work discusses how Y-type hexagonal ferrites proved to be an active catalyst 
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for the decomposition of nitrous oxide. In addition Y-type hexagonal ferrites are excellent 

microwave absorbing materials, not only they absorb microwaves they are capable enough to 

initiate and maintain stable microwave discharge, again a useful aspect for catalytic properties.  

The microwave irradiation technology produced remarkable results in heterogeneous catalysis 

despite the fact that the complete mechanism elucidation has not been clear yet [20, 21]. Here we 

will report the effect of microwave radiations on the decomposition of nitrous oxide on Y-type 

hexaferrites, which opened new horizons in the research area of this material and which are 

found to be remarkable catalysts for the purpose with low reaction temperature and high thermal 

stability. 

2.2 Experimental details 

 Most of the experimental part is taken from our published work [1 in publication list] 

2.2.1 Catalyst preparation 

 The sol-gel method was utilized to synthesize the series of samples Ba2Mg2Fe12-xAlxO22 

where x = 2, 3, 4, 5 and 6. Stoichiometric amounts of analytical grade reagents i.e. Ba(NO3)2 

(Kermel 99.5%), Mg(NO3)2.6H20 (Kermel 99%), Fe(NO3)3.9H20 (Kermel 98.5%) and 

Al(NO3)3.9H2O (Kermel 99%) were dissolved in distilled water at 298 K. Citric acid (SCRC 

99.5%) was used as a chelating agent; the pH of the solution was maintained 8 by the addition of 

(NH4)2CO3. A completely homogeneous and transparent solution was obtained. The solution was 

slowly evaporated in a temperature range of 373-393 K in order to obtain a highly viscous 

residue. Aluminium was added at the gel stage with the amount calculated relative to the iron 

replaced. This gel was first pretreated at 723 K for 5 h in which the gel was transformed into the 

solid mass accompanied by expulsion of solvent from the gel pores. This solid mass was 

thermally processed at 1223 K for 7 h in a temperature programmed furnace at the rate of 5 K 



50 
 

min
-1

. At this temperature the decomposition of powder leads to pure Y-type phase. The 

schematic diagram of synthesis procedure is shown as under. 

Figure 2.1: Schematic diagram of sol-gel combustion synthetic procedure 

2.2.2 Catalyst characterization 

The phase of the material was confirmed by X-ray diffraction measurements which were 

carried out using a PANalytical X’Pert-Pro powder X-ray diffractormeter (Cu Kα 

monochromatized radiation, step-scan mode with a step size of 0.02 and a counting time per data 

point of 10 s). Crystallite dimensions were calculated using the Scherrer equation. BET surface 

areas of the catalysts were measured by N2 adsorption at -196
o
C using a Micromeritics ASAP 

2010 apparatus. Scanning electron microscopy (SEM) experiments were performed with a JSM 

6360-LV electron microscope operating at 20-25 kV. The heating curves (TG-DTG-DTA) were 
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obtained by using Q-1500 derivatograph, in static air, at various heating rates. Samples weighing 

14 mg were used. 

2.2.3 Activity tests 

All the catalysts were pressed and sieved in the range of 20-40 mesh. Catalytic 

decomposition of N2O was carried out in a fixed-bed flow reaction system under atmospheric 

pressure. The dimensions of reactor tube were length = 450 mm and diameter = 7 mm giving 

450/7= 64 L/D ratio. 100 mg of catalyst was mixed with well granulated SiO2 (100 mg) of the 

same mesh size as of catalyst (20 mesh size). This not only increased the surface of the reaction 

but also helped in control of diffusion. Along with this the part of the reactor tube containing the  

catalyst was always protected with a cover at both ends in order to avoid diffusion. First the 

sample was preheated in Ar atmosphere at 300˚C for 2 hs. After cooling to room temperature in 

Ar, the gas flow was switched to the reacting gas mixture containing N2O (30 v/v%) in Ar at a 

flow rate of 50 ml min
-1

, corresponding to a gas hour space velocity (GHSV) of  30000 ml g
-1

 h
-

1
. The outlet gas composition was analyzed online with an Agilent 6890N gas chromatograph 

equipped with Porapak Q and Molecular Sieve 13X columns and a thermal conductivity detector. 

N2O decomposition was calculated from the difference between the inlet and outlet 

concentrations. Before analysis, the reaction proceeded at each temperature for 20 min to reach a 

steady state.  

2.2.4 Microwave setup 

The microwave unit consists of a 200 W, 2.45 GHz magnetron microwave source, 

connected through a rectangular waveguide to a single-mode resonant cavity that was terminated 

with a tuning plunger. With this unit, the resonance of the microwave irradiation on the catalysts 

could easily be tuned. The cavity was equipped with taps to measure the incident and reflected 
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power. A tubular quartz reactor with 6 mm i.d. was aligned vertically at the center of the cavity, 

so that it was positioned in the region of maximum microwave field intensity. Because the 

microwave is mainly absorbed by the catalyst located in the outer part of the reactor, the inner 

part of the quartz reactor was blanked such as an empty torus. The reactor was filled with 0.2 g 

catalyst for each run. An infrared pyrometer (Shanghai Institute of Technical physics, PR China) 

with temperature range of 150–1000˚C was used to measure the temperature of the catalyst bed 

and it was placed close to the catalytic bed. In order to be sure of the temperature the 

thermocouple was used to check the temperature. Microwave discharge was ignited in the 

reaction mixture gas by the catalyst”.  

2.3  Results and discussion 

The content quoted in inverted commas is taken as such from our publication (Ul-ain, B.; Huang, 

Y. Q.; Wang, A. Q.; Ahmed, S.; Zhang, T. Catal. Commun. 2011. 16. 103) 

2.3.1 Structural characterization  

“XRD patterns of the prepared Ba2Mg2Fe12-xAlxO22 with variations in x from 0-6 are 

shown in Fig. 2.2. For the pure sample without aluminium, all high intensity peaks matched well 

with the standard pattern of Y-type hexagonal ferrite phase (JCPDS 01-078-0133). Lattice 

parameters were calculated based on the XRD data. For the Ba2Mg2Fe12O22, a = 5.92 Å and c = 

43.68 Å which were in good agreement with the published result [22]. By introduction of Al the 

intense reflection of BaAl2O4 was observed along with hexaferrite phase (MP-type and Y-type). 

It is reported that Al cannot replace Fe completely [23]. Therefore, it can be attributed to 

unexhausted γ-Al2O3 reacting with BaO to form the dispersed aluminate phase. As the aluminum 

content increased, there was a slight decrease in the lattice constant because the ionic radius of 

Al
3+

 is smaller (0.52 Å) than that of Fe
3+ 

(0.64 Å). Y-type hexaferrites are also called ferroxplana 

because of having an easy axis of magnetization which is perpendicular to the c-axis (planar 
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anisotropy). Because of this planar anisotropy the effect of ionic radius is more pronounced on 

the c axis dimensions as compared to the a axis. The variation of lattice constants leads to the 

decrease of cell volume (Vcell). It is 1326 Å
3 

for pure compounds
 
and agrees with the literature 

data (1314 Å
3
) [22].  The crystallite size “D” (nm) was calculated by Debye Scherer formula 

                                    




Cos

K
D                                                                    (2.4) 

Where ‘β’ is the broadening of diffraction lines at half width of its maximum intensity, ‘λ’ is the 

wavelength of X rays (1.542Å) and ‘K’ is constant (0.89 for hexaferrite). Crystallite size was in 

the range of 46-76 nm”. 
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Fig. 2.2 XRD Patterns of pure and doped Ba2Mg2Fe12-xAlxO22 (x = 2-6) calcined at 1123K. 

The thermo gravimetric analysis gives the thermal behavior of the compound in terms of weight 

loss versus temperature. Fig. 2.3 gives the TGA curve of the pure sample. There are three step 

weight losses at three different temperatures. Low temperature weight loss may be due to the 

humidity and water loss. It can also be associated with the NH4OH and bonded lattice water 
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release. This first step weight loss is highest and corresponds to the exothermic peak in DTG 

spectrum. The second weight loss is at about 400 K corresponding to the exothermic peak. This 

is associated with the unreacted starting citric acid remaining after combustion. Various gases are 

released during combustion like CO, CO2 and NO etc. which are responsible for weight loss at 

this temperature. There is a slight weight loss at 923 K which may infer that various oxides 

rearrange themselves to start the formation of hexaferrite phase and lead to form the pure phase 

at higher temperatures. There is no weight loss at high temperature indicating the formation of 

single phased Y-type hexaferrite [24]. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3 Thermogravimetric profile of Ba2Mg2Fe12O22 

“The morphologies of the materials were observed with SEM images (Fig. 2.4). For the Al-free 

sample, most of the particles are rod-like consistent to the literature report [25]. With an increase 

of the Al content, the particles become more rounded and are of disk-like shape, especially for x 
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=3. This is in agreement with the XRD result that MP-type hexaferrites whose typical 

morphology is disk-like becomes the predominant phase at x = 2 and 3. When the Al content was 

further increased, the particles become more irregular and the crystallite size decreases (and also 

the resultant particle size). This is in accordance with the literature [23] that substituting higher 

content of aluminum leads to the amorphous phase. On the other hand, the BET surface areas of 

the materials increased continuously by increasing the Al content (Table 2.1), correlating with 

the decreasing trend of crystallite size.”  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4 SEM images of a) Ba2Mg2Fe12O22 b) Ba2Mg2Fe10Al2O22 c) Ba2Mg2Fe9Al3O22 

d) Ba2Mg2Fe8Al4O22 e) Ba2Mg2Fe7Al5O22 f) Ba2Mg2Fe6Al6O22 
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As indicated by XRD pattern a secondary phase of BaAl2O4 is present, but his phase is not 

visible in SEM micrographs which shows that it is a minor reflection of second phase which 

doesn’t effect the morphology and catalytic activity of system. 

2.3.2 Catalytic decomposition of N2O 

“The Ba2Mg2Fe12-xAlxO22 materials (where x = 0, 2, 3, 4, 5, and 6) were first tested for 

N2O decomposition under conventional heating mode as shown in Fig. 2.5. For the 

Ba2Mg2Fe12O22, the decomposition of N2O started at 823 K and reached at 78% at 1123 K. 

Introduction of aluminum in the Y-type hexagonal ferrites enhanced the catalytic activity. This 

increase of activity can be partly attributed to the slight increase of surface area due to 

introduction of Al
3+

 ions as shown in Table 2.1.  
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Fig. 2.5 N2O decomposition as a function of temperature over the Ba2Mg2Fe12-xAlxO22 catalysts 

with different Al content: x=0 (□); x=2 (■); x=3 (△); x=4 (▲); x=5 (○); x=6 (●) 

Moreover, replacement of Fe
3+

 on octahedral site by Al
3+

 also increased the redox 

behavior of this material, which in turn led to a higher catalytic activity [26]. Nevertheless, 
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complete decomposition of N2O was obtained as high as 1023 K even on the most active 

Ba2Mg2Fe6Al6O22 sample. This is a considerably high temperature for the catalytic 

decomposition of N2O. So there was a need to modify this catalyst with respect to temperature 

requirements. 

Hexagonal ferrites are excellent microwave absorbing materials and operative to initiate 

and preserve stable microwave discharge under atmospheric pressure. Here the microwave 

discharge was knotted with the catalyst to enhance the N2O decomposition. It is clear from Fig. 

2.6 that there was almost 80% decomposition at 423 K and complete decomposition occurred at 

about 583 K under the microwave discharge mode. The microwave assisted method not only 

enhances the activity but also lowers the reaction temperature by facilitating the chemical 

reaction. In conventional heating thermal conduction is the mode of energy gained by the 

molecules, so high temperatures are required. But in microwave discharge, it can generate high 

energy electrons with elongated lifetime, which transport their energy to the reactant molecules 

by collision. By this manner reactant molecules are triggered easily and quickly.  Y-type 

hexagonal ferrites are excellent microwave absorbing materials, so that microwave energy can be 

efficiently exchanged into the activation energy of reactant molecules adsorbed onto the catalyst. 

To be noted, N2 and O2 were the only products in this experiment, NOx species were not 

observed as side products. This is noteworthy result to get the complete decomposition of N2O at 

such low temperatures without incorporation of noble metals. In order to confirm that ferrites are 

responsible for the microwave activity, Ba-hexaaluminates were synthesized with no iron 

content. It is shown in Fig. 2.7 that blank (SiO2) and hexaaluminate exhibited no activity when 

microwaves were applied and there was no discharge generated either.  Ba2Mg2Fe12O22 is not 

only an  effective microwave absorbing material but also a good N2O adsorber. This high activity 

suggests that there is some interaction between the adsorbed N2O molecules and microwave 
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radiation due to the hexaferrite medium present between them. Thus it can be rationalized that 

coupling microwaves with N2O weakened the N-O bond causing it to be decomposed at low 

temperature. 
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Fig. 2.6 N2O decomposition as a function of temperature on the Ba2Mg2Fe12O22 catalyst under 

the microwave discharge (solid symbols) and the conventional heating modes (open symbols) in 

the presence (△, ▲) or absence (□, ■) of 5% steam 

 

 

 

 

 

 

 

 

 

 

Fig. 2.7  Microwave activity profile for blank, hexaaluminate and hexaferrite 
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 In order to assess the stability of the catalyst, the N2O decomposition was monitored for 

more than 10 h and it was observed that the pure and doped catalysts maintained almost 100% 

decomposition at 310˚C (583 K) for more than 10 h, and no deactivation of the catalyst was 

observed (Fig. 2.8). Desired catalytic activity and good thermal stability of the synthesized Y-

type hexaferrite makes it a potential candidate catalyst for high concentration N2O 

decomposition.  
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Fig. 2.8 Stability test of the doped and undoped catalyst under microwave irradiation conditions 

at 583K. 

Literature survey revealed that steam had always inhibitory effects on the N2O 

decomposition for almost all of the catalysts studied so far [27, 28]. Similar results were obtained 

in case of hexaferrite materials in conventional heating mode. The N2O conversion on the 

Ba2Mg2Fe12O22 at 1023 K decreased from 43% to 12% after introducing 5% of steam in the feed 

gas (Fig. 2.5). One possible reason is that H2O competes with N2O to get adsorbed on the active 

site and thus inhibits the N2O being adsorbed and finally decomposed. However, surprisingly 

unusual but positive results were obtained when the effect of steam was studied with respect to 

microwave discharge. It was surprisingly observed that the presence of steam enhanced the 
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activity as shown in Fig. 2.6. Complete conversion of N2O occurred at 483 K in the presence of 

5% steam, which was almost 100 K lower than that in the absence of steam. H2O is a good 

microwave absorbing material [29] and thus assists the heterogeneous microwave catalysis. 

Water absorbs energy from the microwaves by a process known as dielectric heating. Dipoles in 

the structure of water molecules rotate as they try to align themselves with the alternating electric 

field of the microwave. This molecular movement produces heat which is then dispersed as the 

rotating molecules hit other molecules and put them in motion. This process facilitates the 

activation of N2O molecules and causes the decomposition even at lower temperature. 

For a material to meet the requirements of microwave application, it is necessary to have 

high electrical resistivity and good magnetic properties. Y-type hexaferrites are semiconductor in 

nature with high electrical resistivities of the order 10
7
-10

9
 Ω.cm

 
[30]. Magnesium ferrites and 

related compounds have found extensive applications in microwave technology. They are 

counted amongst the most versatile of the ferrites. This is largely due to the comparatively low 

magnetic and dielectric losses accessible and in particular, to the high resistivities. 

Ba2Mg2Fe12O22 can discharge automatically when the microwaves are applied, which is another 

advantage of coupling Y-type hexaferrite with the microwaves, and no other electrode or 

discharge material is needed to maintain the discharge. The mechanism of microwave radiations 

in heterogeneous catalysis is not very well understood. Hexaferrite is a good microwave 

absorbing material as well as a N2O adsorber. There is some sort of interaction between the 

adsorbed N2O molecules and microwave radiations due to hexaferrite medium present between 

them. Thus it can be rationalized that coupling microwaves with N2O weakens the N-O bond and 

enhances their activation thus facilitating the hexaferrite material to catalyze the reaction at 

lower temperature.  
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During synthesis various Fe
2+

 ions and oxygen vacancies are created in the material due 

to sintering at high temperature. Conduction in ferrites is considered to occur due to hopping of 

electrons between Fe
2+

 and Fe
3+

 at octahedral sites [31].  It is reported that Al predominantly 

occupies the octahedral sites [32]. Therefore, replacement of iron with aluminum in octahedral 

sites resulted in the decrease of Fe
3+

 ions and the hopping of electrons and consequently 

increases the electrical resistivity, but at the same time substituting Fe
3+

 by non-magnetic Al
3+

 

decreased the Curie temperature and saturation magnetization [32]. Therefore, increasing the 

content of aluminum has adverse effects on the microwave activity of the ferrite catalyst as 

shown in Fig. 2.6 It should be noted that steam introduction in the microwave heating mode 

enhanced the activity of both pure Ba2Mg2Fe12O22 and aluminum doped hexaferrite materials by 

reducing the power needed for complete decomposition” (Fig. 2.9).  
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Fig. 2.9 Effect of Al
3+

 content with the power required for complete N2O decomposition on the 

Ba2Mg2Fe12-xAlxO22 catalyst in the presence and absence of steam 
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2.4 Conclusions 

 Y-type hexaferrite Ba2Mg2Fe12O22 is discovered for the efficient catalytic decomposition 

of N2O under microwave irradiation mode for the first time. Complete conversion of N2O was 

attained at a low microwave power equivalent to a low catalyst bed temperature (583 K) in 

comparison to that synthesized by conventional mode i.e. at 1023 K). The presence of steam in 

the inlet gas had a constructive effect on the activity. Substitution of Fe with Al reduced the 

microwave absorbing ability of the hexaferrite, thus decreasing the activity under microwave 

irradiation mode. On the contrary, the introduction of Al can upsurge the catalytic activity of the 

materials under conventional heating mode due to the improved surface area. With the 

complement of microwave radiation, prepared catalyst can prove to be the best catalyst among 

the reported family for aerospace applications. 

Table 2.1 Comparison of structural parameters of Al doped Ba2Mg2Fe12-xAlxO22 

 

Al Content 

(x) 

Lattice 

parameter 

a, (Å) 

±0.25 

Lattice 

parameter 

c, (Å) 

±0.50 

Cell 

Volume 

Vcell, (Å
3
) 

±2 

Crystallite 

size, 

Dª,(nm) 

±0.6 

Surface area 

SBET , (m
2
g

-1
) 

 

±0.2 

0 5.92 43.68 1326 62.9 3.1 

2 5.89 43.72 1311 62.8 3.3 

3 5.85 43.58 1292 56.5 5.3 

4 5.76 43.52 1250 49.4 7.0 

5 5.70 43.20 1216 43.1 7.0 

6 5.75 42.58 1220 41.8 8.4 

             

ª Crystal size calculated by Debye-Scherrer formula from peak having 100% intensity 
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Chapter 3 

Catalytic decomposition of N2O on Co substituted 

barium hexaferrites 

 

 

3.1 Introduction 

As discussed earlier that due to the increasing hazards of the greenhouse effect and the 

pollutant gases, research is being done to find out the most feasible and cheap catalyst to counter 

and abate these gases especially unburnt compounds and oxides of carbon and NOx which are the 

main gases which are responsible for ozone layer diminution [1]. As N2O is a promising 

propellant for satellite and rocket propulsion due to its low cost, non-toxicity and gas having 

good compatibility with the construction materials but at the same time, to fulfill with current 

regulations, highly efficient catalysts for its complete abatement is needed. The catalyst needs to 

fulfill the conditions of high activity and stability at high temperature. 
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As inferred from the literature survey and various environmental reports, N2O as an 

environmental pollutant is present in our atmosphers only in p.p.m., but as a propulsion fuel, its 

concentration should be high so that it can generate propulsion power as high as possible. It is a 

good propellant because decomposition of N2O to N2 and O2 results in a large amount of heat 

release and volume expansion, which are the reasons for propulsion power [2]. Decomposition of 

pure N2O is a highly exothermic reaction having an enthalpy of -82 kJ mol
-1

 and may lead to a 

temperature rise of more than 950˚C. So the stability of the catalyst is the imperative factor for 

deciding its practicability for the concerned reaction. Catalysis provides the route for N2O 

abatement by direct decomposition or by improving the selectivity of specific catalysts. 

As mentioned in Chapter 2  finding an active catalyst capable enough to decompose N2O 

at low temperature is not a big deal and a good number of compounds can serve this purpose. 

(For details see page 46 of Chapter 2). The real problem is the stability of these catalysts to 

tolerate high reaction temperatures. In this situation the thermal stability is a much more 

important factor in evaluating the practicality of any catalyst [3]. Hexaaluminates are a class of 

excellent high-temperature materials, which show stable phase composition up to 1900 K and 

high sintering resistance. The size of different large cations and the introduction of transition 

metal ions could influence the structure of hexaaluminate, and then the catalytic activity in N2O 

decomposition [4-6].  

Hexaferrites have layered structures which provide a kind of in-built stability. Further, 

the involved iron (and most of the times other metal ions too) cause strong redox character that 

in turn helps in catalytic activity. The deliberations made earlier in Chapter 2 about the Y-type 

hexaferrites and very promising results as catalysts for the N2O decomposition reaction clearly 

suggests further exploration of this class of materials while varying the metals ions. 
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In the present study Ba2Mg2-xCoxFe12O22 was synthesized and the effect of cobalt 

substitution on catalytic activity was investigated. Mg does not belong to the transition series, so 

substituting cobalt, a transition metal having a strong magnetic moment, resulted in improved 

catalytic activity. The effect of calcination temperature and microwave radiations on the catalytic 

activity were also studied for Ba2Mg2-xCoxFe12O22 (x = 0.4-2.0). The main aim of the present 

study was to find out the appropriate composition of material capable of decomposing N2O at 

relatively low temperature under conventional heating mode while maintaining the novel 

decomposition capability under microwave irradiation mode.  Additionally the prepared material 

was tested for thermal stability in working conditions for 24 hrs. 

3.2 Experimental details 

3.2.1 Catalyst preparation 

A series of Co-substituted Y-type hexaferrites were prepared using a sol-gel route. For a pure 

sample of Ba2Mg2Fe12O22, 1.05 g of Ba (NO3)2, 1.28 g of Mg(NO3)2·6H2O, and 12.12 g of 

Fe(NO3)3·9H2O were dissolved individually in 100 ml of  distilled water at 353 K and then 

added to 6.30 g of citric acid (SCRC 99.5 %) which acts as the chelating agent. The pH of the 

solution was maintained at 8 by adding 2 mol-L
-1

 (NH4)2CO3 aqueous solution. A clear and 

transparent solution was obtained which was heated at 393 K for 3 h to get the wet gel. This gel 

was first pretreated at 723 K for 4 h to remove the unburnt impurities. The dry gel was then 

calcined at 1223 K for 5 h at the rate of 5 K min
-1

 to get the Y-type hexagonal phase of the 

material. To study the effect of Co doping, Ba2Mg2-xCoxFe12O22 catalysts were prepared with 

different Co content (x=0.4-2.0) by the above mentioned procedure just by varying the amounts 

of Co(NO3)2·6H2O and Mg(NO3)2·6H2O added. 
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3.2.2 Catalytic activity measurements 

Activity measurements were carried out in a fixed bed flow system. Before the test, the catalyst 

was pretreated in Ar at 523 K for 2 h. Then, the reaction gas containing 30 vol.% N2O in Ar 

passed through 200 mg of a catalyst at a flow rate of 50 mL min
-1

 (STP), corresponding to a gas 

hour space velocity (GHSV) of 30,000 mL h
-1

 g
-1

. The bed temperature was increased from 723 

K to 1073 K, and held at each temperature for 30 min to reach a steady state. The effluent gas 

was on-line analyzed by gas chromatography (Agilent 6890N) equipped with a Chromosorb 103 

column and Molecular Sieve 13X column. N2O conversion was calculated based on the 

difference between the inlet and outlet concentrations. 

Microwave activity was measured by the microwave setup unit, details described in 

Chapter 2. The reactor was filled with 200 mg of a catalyst for each run. An infrared pyrometer 

(Shanghai Institute of Technical physics, PR China) with temperature range of 423–1273 K was 

used to measure the temperature of the catalyst bed. A thermocouple was used to recheck the 

temperature measurement. 

3.2.3 Catalyst characterization 

BET surface areas of the catalysts were measured by N2 adsorption at 77 K using a 

Micromeritics ASAP 2010 apparatus. TGA/DTG measurements were carried out on a Paulik-

Paulik-Erdey type Q-1500 apparatus under the following conditions: 25 mL min
-1

 of O2/He and a 

temperature ramp of 10 K min
-1

 up to 1273 K. The X-ray diffraction (XRD) patterns were 

recorded with a PANalytical X’Pert-Pro powder X-ray diffractormeter, using Cu K 

monochromatized radiation, step-scan mode with a step size of 5
o
 min

-1
 and a counting time per 

data point of 10 s. Crystallite dimensions were calculated using the Scherrer equation. Scanning 
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electron microscopy (SEM) experiments were performed with a JSM 6360-LV electron 

microscope operating at 20–25 kV.  

Temperature-programmed reduction of H2 (H2-TPR) was performed on a Micromeritics 

Autochem 2920 apparatus. A 100 mg sample was utilized for each measurement. The samples 

were pretreated in a Ar flow at 200 °C for 1 h with a heating rate of 10 °C min
-1

. After cooling to 

40 °C in Ar, the feed gas was switched to 10% H2–Ar mixture. Then, the temperature was raised 

from 40 to 900 °C at a rate of 10 °C min
-1

. A thermal conductivity detector (TCD) was used on 

line for measuring H2 consumption. 

3.3 Results and discussion 

The content quoted in inverted commas is taken as such from our publication (Ul-ain, B.; 

Ahmed, S.; Huang, Y. Q. Chin. J. Catal. 2013. 34. 1357) 

3.3.1 Effect of cobalt loading on phase composition and catalytic performance 

“The thermal analysis curve (TGA-DTG) of unannealed gel precursor of Ba2Co2Fe12O22 

after heating at 393 K, is depicted in Fig. 3.1. Several weight loss steps were observed upon 

heating the sample from ambient temperature up to 1273 K. A small weight loss (1.5%) took 

place at around 373 K which indicated the loss of water. This is an endothermic process [7]. The 

second major weight loss (18%) occurred at 573 K which may be due to decomposition and 

rearrangement processes occurring within the sample with increase of temperature, including the 

decomposition of iron nitrate to -Fe2O3, decomposition of barium nitrate to BaO, the 

transformation of -Fe2O3 to - Fe2O3 as well as the reactions between iron oxides and BaO 

leading to mixed oxides and decomposition of unreacted citric acid [8]. The third weight loss 

(2%) at high temperature is due to the formation of oxides from hydroxides, mono-hexaferrites, 
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and rearrangement to form pure hexaferrites. After 1173 K, there is no weight loss indicating the 

formation of Y-type hexaferrites phase begins at this temperature. 
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Fig. 3.1 TGA/DTG profile of the Ba2Co2Fe12O22 sample after heating at 393K 

XRD was employed for phase identification and to calculate structural parameters 

associated with it. The magnetoplumbite phase is prominent in all of the samples (Fig. 3.2). 

However, the impurity phase of BaFe2O4 can also be observed depending on the amount of 

cobalt doping. All peaks of substituted and un-substituted samples match well with the standard 

pattern indicated by JCPDS 44-0206 and the main peaks are indexed. These XRD patterns also 

indicate that 1223 K is the appropriate temperature to get the Y-type hexaferrite phase. These 

indexed peaks are further used to calculate the lattice parameters, crystallite size, and cell volume 

(Table 3.1). Introduction of cobalt does not change the phase of the material indicating that 

cobalt can successfully replace magnesium. The ionic radius of Co
2+

 is 0.074 nm which is 

comparable to Mg
2+

 (0.072 nm), so it does not affect the lattice parameters and cell volume 

substantially. As the cell volume is dependent on the lattice parameters, therefore lattice 
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parameters were calculated by simultaneous equation developed from XRD data. The obtained 

values were compared by the lattice parameters generated by computer software (JADE 9). The 

error bar in cell volume is generated based on the difference between the obtained and published 

results. The crystallite size of the materials ranged from 45-57 nm. To be noted, there was a 

slight increase of BET surface areas with increasing the content of Co, as shown in Table 3.1. 

The experiment was performed twice to calculate the standard deviation in the measurements. 
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Fig. 3.2 XRD patterns of pure and doped Ba2Mg2-xCoxFe12O22 containing different cobalt content 

(x = 0.0-2.0) calcined at 1223 K 

The morphology of the prepared materials was observed by the SEM micrographs. Fig. 

3.3 shows the morphology of pure and substituted samples. These micrographs show that all of 

the materials have a crystalline nature. The homogeneous phase is evident with uniform particle 

distribution. For the pure sample most of the particles are rod like, but as the content of cobalt 

increases the particles become plate like and then finally attain the distorted hexagonal 
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symmetry. No aggregation of materials was observed which indicates the similar surface area of 

the particles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3 SEM images of a) Ba2Mg2Fe12O22 b) Ba2Mg1.6Co0.4Fe12O22 c) Ba2Mg1.2Co0.8Fe12O22 d) 

Ba2Mg0.8Co1.2Fe12O22 e) Ba2Mg0.4Co1.6Fe12o22 f) Ba2Co2Fe12O22 

 Fig. 3.4 gives the conventional heating profile of N2O decomposition over the pure and 

substituted samples. It is clear from the figure that by increasing the cobalt content activity 

significantly increased and T100 (temperature at which 100% decomposition takes place) 

decreased from 1123 K to 973 K. Catalytic activity of ferrite is greatly dependent on the degree 

of cationic substitution and preparation conditions. There are only two symmetry types of 
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interstitial sites present in Y-type hexaferrite available for metallic ions, namely six octahedral 

sites and two tetrahedral sites. Cation distribution on crystallographic octahedral and tetrahedral 

sites is very important in this regard. Tetrahedral sites are not exposed so they are almost inactive 

crystallographic sites. But octahedral sites are more external, shared with adjacent spinel blocks 

and lie on the vertical three-fold axis [9], thus highly contributing to the catalytic activity. 

Hexaferrites based on 3d transition metals have been the subject of applied research due to their 

catalytic properties [10]. Mg is a non-transition element and it occupies the tetrahedral site in the 

structure. As far as Co is concerned, it belongs to the 3d transition series and it can exist in the 

oxidation states of +II and +III. Cobalt can occupy tetrahedral as well as octahedral sites. The 

detailed literature survey reveals that many scientists relate the activity of cobalt based catalyst to 

the Co
2+

/Co
3+

 redox couple [11-13]. Co in its oxide forms has excellent catalytic properties due 

to d
7
-d

6
 electronic configuration for Co

2+
-Co

3+
 ions. This ion pair is reported to possess excellent 

catalytic activity for N2O decomposition [14]. Abu-Zied et al. [15] postulated a reaction 

mechanism to explain oscillations during N2O decomposition on Co-ZSM-5 catalysts and they 

also related the activity to redox properties of system Co
2+

/Co
3+

, where N2O acts as a reductant 

or oxidant based on nature of the active site. This redox cycle also encourages the formation of 

more oxygen vacancies resulting in better adsorption and N2O decomposition”.  
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Fig. 3.4 N2O decomposition as a function of temperature over the Ba2Mg2-xCoxFe12O22 catalysts 

with different Co content: x=0.0 (■); x=0.4 (●); x=0.8 (▲); x=1.2 (▼); x=1.6 (◊); x=2.0 (◄) 

In order to assess the reducibility of catalysts, Temperature Programmed Reduction 

(TPR) experiments were performed as the catalytic activity can fairly be complemented by the 

TPR measurements.  In case of pure material with no cobalt content there is one complete peak 

at 570°C and there is an incomplete reduction above 770°C (Fig. 3.5).  The first peak is assigned 

to magnetite formation from the mixed iron oxide phase while the second phase corresponds to 

the formation of metallic iron.  To reduce iron completely is very difficult and even above 

800°C, only partial reduction takes place. The same behavior was observed by some other 

scientists [16]. These temperature maxima greatly depend on particle size and other experimental 

conditions as temperature ramp etc. Addition of dopants can significantly change the reduction 

behavior. By addition of cobalt there were two significant peaks observed the first at lower 

temperature around 600°C and another at higher temperature around 750-800°C. Reduction of 

cobalt takes place by the reaction as Co3O4→CoO→Co and it completes at 600°C.  Peaks around 
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600°C can be collectively attributed to reduction of Co as well as partial reduction of Fe2O3 to 

Fe3O4. The 600°C Tmax corresponds to magnetite to wustite, after which complete reduction of 

metallic iron is possible [17]. This means that the addition of Co facilitates the reduction of Fe
3+

 

species present within the compound.  In addition, cobalt induction can lower the temperature of 

maximum uptake of hydrogen by 50°C (from 800°C to 750°C) indicating the easier reduction of 

Fe species by cobalt. This type of behavior was also observed earlier too [18]. The catalytic 

activities are greatly dependent on various factors such as the nature of substituent ions 

incorporated, reaction conditions and covalency of Fe
III

↔Fe
II 

redox couple in the catalyst. It was 

found by Topsoe and Boudart [19] that contraction of octahedral sites and the expansion of 

tetrahedral sites can lead to increased covalency in catalytic system and hence can improve the 

electron transfer between Fe
III

↔Fe
II
 octahedral sites. This increased covalency greatly improves 

the catalytic activity [20].  

 

 

 

 

 

 

Fig. 3.5 H2-TPR Profile of  Ba2Mg2-xCoxFe12O22 catalysts with different Co content: x=0.0 (■); 

x=0.8 (●); x=1.2 (▲); x=1.6 (▼) 

Same improved catalytic activity was observed by Borsekov for complete dissociation of 

water on magnetite based catalyst [20]. The peak height increased by the incorporation of cobalt 

which indicates that hydrogen uptake is increased by increasing cobalt content. The TPR results 
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confirm the ease of reducibility of Fe species by incorporating Co and hence increased the 

catalytic activity. 

In order to assess the stability of the catalysts, the N2O conversion was monitored with 

time on stream. It is evident from Fig. 3.6 that the Ba2Co2Fe12O22 and Ba2Mg2Fe12O22 catalyst 

exhibited stable catalytic activity for more than 24 h and there was no deactivation observed for 

the concerned period. Desired catalytic activity and good stability of the Ba2Co2Fe12O22 make it 

a potential candidate catalyst for high concentration N2O decomposition. 
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Fig. 3.6 N2O decomposition at 873 K as a function of time-on-stream over the doped and 

undoped catalyst for 24 h. 

3.3.2 Influence of calcination temperature on catalytic activity of Ba2Co2Fe12O22 for N2O 

decomposition 

“Catalytic activity of Ba2Co2Fe12O22 calcined at different temperatures is shown in Fig. 

3.7. The N2O decomposition decreased over the Ba2Co2Fe12O22 catalysts when the calcination 

temperature is raised. The sample annealed at 1473 K showed the worst catalytic activity.  
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Fig. 3.7  Activity profile of Ba2Co2Fe12O22 annealed at different temperatures: a) 1273 K (); b) 

1373 K (); c) 1473 K (▲) 

Fig. 3.8 shows the XRD patterns of the samples annealed at the respective temperatures. 

These patterns consisted of only hexaferrite phases. The increasing calcination temperature had 

no effect on the XRD patterns except that the intensity of the peaks got intensified, indicating the 

sintering of the catalyst materials. Fig. 3.9 shows the SEM micrographs of materials annealed at 

different temperatures. These micrographs show that as the heat treatment temperature was 

elevated more and more particles aggregated together. The uniform crystalline phase got 

distorted and there was a grain growth. The same trend is shown by BET surface area i.e. the 

increase in annealing temperature decreases the surface area of the catalyst (Table 3.1). The BET 

surface areas were 8, 4, and 2 m
2
 g

-1
 for the samples calcined at 1273 K, 1373 K, and 1473 K, 

respectively.  
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Fig. 3.8 XRD patterns of Ba2Co2Fe12O22 annealed at different temperatures a) 1273 K; 

 b) 1373K;  c) 1473 K 

 

 

 

 

 

 

 

 

 

Fig. 3.9 SEM images of Ba2Co2Fe12O22 annealed at a) 1273 K b) 1373 K c) 1473 K 
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These results indicate that sintering of the catalyst samples occurred when the calcination 

temperature is raised, leading to the decrease in the N2O conversion as shown in Fig. 3.7. SEM 

micrographs (Fig. 3.9) clearly show the aggregation of particles at high temperature. This 

aggregation leads to the decline in active sites for adsorption of N2O molecules. This factor along 

with the decreased surface area is responsible for suppressing catalytic activity. 

3.3.3 Effect of microwave irradiation on catalytic activity of Ba2Mg2-xCoxFe12O22 (x = 0.4-

2.0). 

Remarkable results have been obtained by the use of microwave heating to stimulate 

catalytic reactions [21-23]. Hexaferrites are excellent microwave absorbing material [24, 25] and 

thus microwave discharge can enhance the catalytic activity to a significant extent. Fig. 3.10 

shows that coupling microwave discharge with prepared catalyst reduces the T100 from 1123 K to 

583 K. It is a noteworthy result to get the complete decomposition at such a low temperature 

without using any costly noble metals. The mechanism of microwave catalysis is not completely 

known to date but many propositions have been put forward.  Hexaferrite is not only a good 

microwave absorber but also a material for nitrous oxide adsorption [26]. The high frequency 

radiations are effective for the activation of polar molecules, so it can be contemplated that N2O 

adsorbed on hexaferrite could get activated by these electromagnetic radiations. This microwave 

discharge produces many active electrons and radicals having high energy and temperature. 

Although the average temperature of feed gas still remains low in microwave discharge mode, 

but N2O decomposition takes place due to this high energy content. Substituting magnesium with 

cobalt has not pronounced effect on the microwave activity to start over temperature and T100 is 

the same for all of the materials. There is even a slight decrease in catalytic activity by the cobalt 

substitution. This is mainly due to relatively low magnetic and dielectric losses obtainable and, in 

particular, to the high resistivity [27]. For most ceramic magnetic materials used in microwave 
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technology, the magnetic anisotropy field should be sufficiently small [28]. Substitution of cobalt 

results in an increase of the in plane magnetic anisotropy [29] and thus slightly deteriorates the 

catalytic activity in microwave discharge mode”. 

 

 

 

 

 

 

Fig. 3.10 N2O decomposition over Ba2Mg2-xCoxFe12O22 in the presence of microwave discharge, 

power ranging from 10-60 W with different Co content: x=0.0 (■); x=0.4 (●); x=0.8 (▲); x=1.2 

(▼); x=1.6 (◊); x=2.0 (◄) 

3.4 Conclusions 

Co substituted barium hexaferrite (Ba2Mg2-xCoxFe12O22) materials were explored for high 

concentration N2O decomposition. Cobalt can successfully replace magnesium without any 

effect on the crystal structure of Y-type hexaferrite. Substitution of cobalt enhances the catalytic 

activity by increasing the redox reaction between Co
2+

/Co
3+

. Increasing the calcination 

temperature badly affects the catalytic activity by decreasing the surface area and promoting 

aggregation. Coupling microwave discharge with synthesized samples provides remarkable 

results by decomposing this gas at very low temperature of about 583 K. In a nutshell the Co 

substituted hexaferrite demonstrated to be a promising candidate for high concentration N2O 

decomposition both in conventional and microwave heating modes. 

250 300 350 400 450 500 550 600

0

20

40

60

80

100

N
2
O

 d
ec

o
m

p
o

si
ti

o
n

 %

Temperature (K)

60 W50 W40 W30 W20 W

 

 10 W



81 
 

  

Table 3.1 Comparison of structural parameters of Ba2Mg2-xCoxFe12O22 

Co  content (x) a, (Å) c, (Å) Vcell, (Å
3
) D , (nm) SBET, (m

2
g

-1
) 

0.0 5.92 43.68 13264 542 30.5 

0.4 5.92 43.62 13232 453 40.8 

0.8 5.89 43.69 13125 572 40.6 

1.2 5.86 43.64 12978 534 40.5 

1.6 5.83 43.58 12826 565 60.4 

2.0 5.83 43.57 12823 553 80.2 

2.0-1273K 5.88 43.62 13062 536 80.3 

2.0-1373K 5.83 43.56 12822 652 40.4 

2.0-1473K 5.83 43.58 12824 674 20.5 
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Chapter 4 

Improved structural and catalytic attributes of 

Ba2Co2Fe12-2x (Zr, Ni) xO22 materials synthesized by 

sol-gel and microwave heating methods 
 

4.1 Introduction 

  Considering the role of Y-type hexaferrites as potential materials for the catalytic 

decomposition, this chapter is devoted to study the effect of synthesis methods on the catalytic 

activity of the materials. It is established that the Y- type hexaferrites have a relatively high 

coercivity, Curie temperature, magnetic anisotropy and high corrosion resistance along with 

excellent chemical stability [1]. One of the additional characteristics is their ability to absorb 

microwave radiations which make them useful for military purposes
 
[2]. One recent finding is 

that anisotropic hexaferrites (Y-type hexaferrites) are very efficient in removing arsenic from 

groudwater [3]. Another attraction of these materials is that they can be produced in large 

quantities at low cost.  

  Various methods are discussed in the literature survey section 1.6  to synthesize different 

classes of hexaferrites. Conventional methods used for the synthesis of hexaferrites include sol-

gel
 
[4], co-precipitation [5], microemulsion [6], solid state reaction [7], ceramic route [8] and 

hydrothermal synthesis [9]. All of these methods require quite high calcination temperatures 

(>1200 ˚C) and  cause aggregation of the particles on sintering, which is not a desirable property 

from technological point of view. It was concluded from the literature survey that sol-gel is the 

most pertinent because it is easy to handle due to involving low-priced laboratory equipment and 

normal conditions of temperature and pressure. Also, we can get homogeneous particles with 

minimum impurities implying low sintering temperature [10]. All the conventional methods 

listed above undergo conventional heating of reaction mixtures in which heat is transferred from 
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the outside. In this way heat is not uniformly distributed in the reaction mixture and the sample 

surface is at high temperature as compared to the rest of the mixture. Employment of microwave 

radiations since 1986 [11] for material synthesis has  introduced several new aspects in the 

modern technological progress.  

  Microwave heating is an interest catching method for various chemical applications [12-

14] and it is most known non-conventional synthesis method. Microwave heating is a different 

method because it involves the in situ mode of energy conversion. No external source is 

required, instead heat is generated within the system by absorbing microwave radiations. This 

makes the temperature of the system very high, resulting in higher yields whilst utilizing shorter 

reaction times. The method is becoming more popular day by day because it is relatively 

inexpensive, clean and includes precise and controlled heating, and low energy consumption 

[15]. By using the microwave method, significant accelerations are produced as a result of high 

heating rates which are not possible by conventional heating methods. In particular, the oxide 

phases formed by microwave methods are homogeneously mixed and possess enhanced 

reactivity due to the high concentration of defects. This leads to the enhanced catalytic activity 

for various reactions.  

  Keeping in view the importance of N2O decomposition reaction as documented in 

previous chapters a new series of Y-type hexaferrites have been developed through two different 

methods and tested for catalytic activity. As the catalytic activities are greatly dependant on 

syntheis procedures, heating rate and time and the precursors used, so it was aimed to compare 

the catalytic activities for the materials developed by two different synthesis methods. The 

current chapter reports the synthesis of pure and Zr-Ni co-doped samples of Ba2Co2Fe12-

2x(Zr,Ni)xO22 using both the sol-gel and temperature controlled microwave heating methods. The 

following paragraphs describe the experimental details and the results obtained.   
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4.2 Experimental details 

4.2.1 Sol-gel auto combustion method 

12.12 g of Fe(NO3)3 were dissolved in 100 mL water to make aqueous solution. At the 

same time aqueous solutions of 1.045 g of Ba(NO3)2 and 1.164 g of Co(NO3)2.6H2O were added 

and the resultant mixture was heated up to 80˚C. The temperature was maintained at 80˚C and 

aqueous solution of 6.3 g citric acid in 100 mL water was added as a chelating agent, pH of the 

solution was adjusted to 8 by the addition of (NH4)2CO3. A clear and transparent solution was 

obtained which was heated at 120˚C for 3 h to get the wet gel. After evaporation of water the 

solution became viscous and finally transformed to a viscous gel. After some time there was self-

combustion in the gel and in not more than 2 minutes all the gel was transformed into black ash 

powder. This precursor was calcined at 950˚C for 5 h at the rate of 5˚C/min to get the Y-type 

hexagonal phase of the material. Nominal composition of the compounds Ba2Co2Fe12-

2x(Zr,Ni)xO22 was obtained by adding an aqueous solution of stoichiometric amounts of 

Ni(NO3)2.6H2O and Zr(NO3)4.5H2O ,where x ranges from 0.2 to 1. 

4.2.2 Microwave heating method 

For the pure sample 17.77 g Fe (NO3)3, 2.09g Ba (NO3)2 and 2.32 g  Co (NO3)2.6H2O 

were mixed and ground in an agate mortar, placed in crucible and exposed to microwave 

radiations for 15 min. Microwave treatment was carried out in MARS 240/50 microwave oven 

(1600 W, 50 HZ). The power was controlled at 400 W while the temperature was kept constant 

at 200˚C; temperature was measured by a thermocouple. During this microwave treatment all the 

nitrate mixtures melted and boiled in their crystal water for 2-3 minutes. After evaporation of 

water, the mixture underwent rapid decomposition and a tremendous amount of gases like 

HNO3, NO2 and CO2 were released. The final product was a black powder which was calcined at 
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900˚C for 1 h to get the desired phase. Zr (NO3)4.5H2O and Ni (NO3)2.6H2O were added as 

dopant substituents in the samples according to stoichiometric calculations.   

 

 

 

 

 

 

 

Fig. 4.1 Schemetic representation of Microwave heating method 

4.2.3 Morphological  characterization 

BET surface areas of the catalysts were measured by N2 adsorption at -196
o
C using a 

Micromeritics ASAP 2010 apparatus. The X-ray diffraction (XRD) patterns were recorded with 

a PANalytical X’Pert-Pro powder X-ray diffractometer, using Cu Kα monochromatized radiation 

(λ=0.1541 nm) at a scan speed of 5
o
/min. Crystallite dimensions were calculated using the 

Scherrer equation. Scanning electron microscopy (SEM) experiments were performed with a 

JSM 6360-LV electron microscope operating at 20–25 kV. Thermal analysis (TGA-DTG) were 

carried out using a Setaram Setsys 16/18 analyzer (furnace) from 298 K to 1273 K in an air flow 

of 25 mL/min with heating rate of 10 K/min. Samples weighing 14 mg were used. 
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O2-TPD tests were performed on a Micromeritics AutoChem II 2920 automated catalyst 

characterization system. The materials were firstly reduced at 500°C for 1 h under 10% H2/Ar 

condition and then flushed with Ar for 1 h at 510°C to remove the extra hydrogen adsorbed on 

the catalysts. After cooling to 50°C, O2 was injected until saturation. Then, the temperature was 

increased at a ramp of 10°C min
-1

 to 900°C under Ar, and the desorbed products were monitored 

by a TCD detector. 

4.2.4 Catalytic activity tests 

Catalytic decomposition of N2O was carried out in a fixed-bed flow reaction system 

under atmospheric pressure. 200 mg of a catalyst was placed in a quartz filter in the middle part 

of the reactor. Prior to the reaction, the catalyst sample was preheated with Argon at 250
o
C for 2 

h. After cooling to room temperature in Ar, the gas flow was switched to the reacting gas 

mixture containing 30 vol.% N2O in Ar at a flow rate of 50 ml/min, corresponding to a gas hour 

space velocity (GHSV) of 30000 h
-1

. The outlet gas composition was analyzed online with an 

Agilent 6890N gas chromatograph equipped with Porapak Q and Molecular Sieve 13X columns 

and a thermal conductivity detector. The N2O conversion was calculated from the difference 

between the inlet and outlet concentrations. Before analysis, the reaction proceeded at each 

temperature for 30 min to reach a steady state.  The dimensions of reactor tube were length = 450 

mm and diameter = 7 mm giving 450/7= 64 L/D ratio. 

4.3 Results and discussion 

The content quoted in inverted commas is taken as such from our publication (Ul-ain, B.; Huang, 

Y. Q.; Wang, A. Q.; Ahmed, S.; Zhang, T. J. Mater. Chem. 2012. 22. 22190) 
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4.3.1 Thermal analysis 

“The obtained precursors were investigated for stepwise decomposition with rise of 

temperature (Fig. 4.2a and 4.2b). The slight modification of synthesis conditions can lead to the 

chemical composition change of the synthesized material. The investigated precursors obtained 

from both the synthesis procedures represent the precursor of mixed oxides. The TGA accounts 

for establishing how the history of the compounds is influenced by thermal behavior and also 

determine the quality of the final mixed oxide. The final decomposition temperature for all the 

studied samples was above 873 K. Fig. 4.2a shows the TGA/DTA profile of the sample 

synthesized by sol-gel method. First weight loss starting around 333 K is due to the humidity, 

physiosorbed and lattice bound water loss. Additionally, the decomposition of unreacted citric 

acid also takes place around 473 K. These reactions are followed by decomposition of nitrates 

present in the precursors. In this way many NO2 and CO2 gases are released from the sample. 

These gases were also accompanied with the loss of crystal water of the spinel phase.  Second 

sharp weight loss around 843 K is ascribed to the formation of intermediate phases followed by 

hexagonal phase transformation. This indicates the reaction between intermediate spinel phases 

(BaFe2O4, CoCo2O4 and CoFe2O4) with iron oxide leading to the formation of barium hexagonal 

ferrite.  A minute weight loss was observed around 1243 K indicating that complete formation of 

hexagonal phase takes place at this temperature. Presence of impurities even after 1173 K in sol-

gel prepared samples is further supported by XRD data in the following paragraphs. 
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Fig. 4.2: Thermal analysis of Ba2Co2Fe10ZrNiO22 prepared by a) sol - gel method,b) microwave 

heating method. 

TGA/DTA behaviour of materials synthesized by microwave method is given in Fig. 

4.2b. Thermal degradation pattern is very much similar to that of sol-gel prepared materials and 

the same rationale applies over here. The two differences observed in this case are, firstly there is 

no indication of weight loss after 873 K pointing to the fact that conversion of precursor is a 

kinetically controlled reaction. Secondly, the extent of weight loss with respect to temperature is 

greater in Fig. 4.2b to that observed in Fig. 4.2a. Microwave prepared samples owe high surface 

activity due to shorter reaction time and having the smaller crystallite size [16]. This makes the 

materials to absorb more water than that of the materials prepared by conventional methods, 

consuming longer reaction time. This difference is noteworthy in the thermal analysis profiles. 

4.3.2 Structural properties 

4.3.2.1.Phase study of starting precursor 

 XRD patterns of as received precursors, before and after calcination, were studied for 

phase analysis. Fig. 4.3a shows the effect of calcination on samples synthesized by the sol-gel 
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method. This figure shows the different phases of compounds which are observed during the 

synthesis of Y-type hexaferrite. It is clear from the figure that there is no hexagonal phase 

present in the sol-gel precursor. The main phases present are spinel and iron oxide as CoCo2O4, 

Fe2O3 and BaFe2O4. This suggests that the sample needs to be calcined at higher temperature for 

a specific time so that these phases rearrange to form pure Y-type hexagonal phase. Various 

calcination temperatures of 850 °C, 900 °C and 950 °C for 5 h duration were employed to 

achieve the pure phase. It is clear from the Fig. 4.3a that 950 °C is the appropriate temperature 

for obtaining pure Y-type hexagonal phase as stated earlier [17]. 

  

 

 

 

 

 

Fig. 4.3a. XRD patterns of sol-gel synthesized Ba2Co2Fe12O22 calcined at different temperatures. 

Fig. 4.3b shows the XRD pattern of the microwave synthesized sample. The as received 

precursor, without any calcination, contained Y-type hexagonal phase with the secondary phases 

of M-type and spinel. In order to remove these impurities further heat treatment was required. It 

is well established that M-type and spinel are the intermediate phases in the formation of Y-type 

phase [18]. The reaction scheme can be generalized as 
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Ba(NO3)2+Fe(NO3)3.9H2O+Co(NO3)2.6H2O 

BaFe2O4+BaFe12O19+H2O+CoCo2O4 + NO2 

Ba2Co2Fe12O22 

 

 

 

 

 

 

 

 

 

Fig. 4.3b. XRD patterns of Ba2Co2Fe12O22synthesized by microwave heating (a) without 

calcination, (b) calcined at 900°C for 1h 

According to Zhangyong et al [19].
 
M-type hexagonal ferrite was obtained by annealing the 

precursor at 800°C for 80 min after microwave treatment. In the current study the lowest 

temperature of 900˚C was selected for 1 h time to remove these secondary phases”.  

4.3.2.2 XRD analysis 

“The powder XRD patterns of annealed Ba2Co2Fe12-2x (Zr, Ni)xO22 x = 0.0-1.0 are shown 

in Fig. 4.4a and b by two different methods. Hexagonal phase is prominent in all of the samples. 

Fig. 4.4a shows XRD of the samples prepared by the sol-gel method. There is no impurity phase 

up to x = 0.6, but at higher concentration of dopants slight reflections of Fe2O3 and BaFe2O4 can 

be seen. This observation points to the fact that may be Zr and Ni cannot replace iron 
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successfully at their higher concentrations. In contrast to this, samples prepared by the 

microwave method show the homogeneous hexagonal phase for all the doped and undoped 

materials (Fig. 4.4b). There is only one peak which corresponds to BaFe2O4 present in all of 

microwave synthesized materials. This again indicates that Co Y-type hexaferrite cannot be 

obtained directly; there are various intermediate phases like M-type hexaferrites and spinels. The 

unwanted phases can be removed by further increasing the annealing temperature. This fact was 

evidenced in our previous work, in which Zr-Co doped Y-type hexaferrites were synthesized 

without any impurity at 1100 °C [20].  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4. XRD analysis of Ba2Co2Fe12-2x(Zr,Ni)xO22 (x=0.0-1.0) prepared by a) sol-gel method 

b) microwave heating method 
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Various structural parameters were calculated based on XRD data (Table 4.1). The lattice 

constants a and c, cell volume (V) and crystallite size (D) are calculated by well-known 

equations [21] and are given in Table 4.1. The lattice parameters a and c are in close agreement 

with the published results for pure samples [22]. The value of a remains almost constant, but the 

value of c along with cell volume increases with increasing Zr-Ni concentration. This increase is 

due to the difference in the ionic radii of substituted dopants. The ionic radii of Zr
4+

 (0.80Å) and 

Ni
2+

 (0.69Å) are larger than Fe
3+

 (0.64Å). This leads to the expansion of the crystal and as a 

result the cell volume also increases. The crystallite size of the samples synthesized by both 

methods are reported in Table 4.1. 

4.3.2.3 Texture and surface morphology 

          Table 4.1 shows the BET surface area of the materials synthesized by both the methods.  

The surface area of pure samples is almost comparable. The materials prepared by microwave 

method have a high surface area in case of all the doped samples. In conventional heating modes 

the high calcination temperatures may effectively reduce the surface area of the samples. 

However, the calcination time is also one of the crucial factors in determining the crystal size 

and porosity. According to the kinetics of crystal growth, crystals normally grow upon an 

increasing heating time. So, with longer time the materials with larger crystal size are obtained. 

In this way the formation of Y-type hexagonal phase within short times indicates the advantage 

of the microwave heating over conventional heating modes. All the precursors involved in the 

synthesis are polar in nature, having definite water of crystallization. These polar species interact 

with the microwaves and speed up the crystallization of the product. This phenomenon makes 

the surface area greater with high surface activity. Adding Zr-Ni increased the surface area to a 

greater extent in the microwave synthesized samples (Table 4.1). Zr is known to stabilize the 
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crystal structure. Substitution of Zr and Ni causes larger surface area indicating the remarkable 

sintering-resistant property of hexaferrites, especially by microwave heating synthesis. 

 The surface morphology of the materials was studied using scanning electron 

microscopy. Fig. 4.5a shows the SEM micrographs of pure and doped samples prepared by 

conventional sol-gel method. The samples obtained by the sol-gel method have large particle size 

and particle aggregation is evident because of being heated at high temperature. Due to 

agglomeration of the particles there is grain growth and porosity of the samples is decreased 

significantly which badly affects the catalytic properties of catalysts. The particles have distorted 

crystalline morphology with non-uniform particle size distribution.  

 

 

 

 

Fig. 4.5a:  SEM images of sol-gel prepared materials (a) Ba2Co2Fe12O22 (b) 

Ba2Co2Fe10.8(Zr,Ni)0.6O22 

 

 

 

 

 

 

Fig. 4.5b: SEM images of materials prepared by Microwave heating (a) Ba2Co2Fe12O22  

(b) Ba2Co2Fe10.8(Zr,Ni)0.6O22 
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Fig. 4.5b shows the morphology of materials prepared by microwave method. The particles are 

homogeneous having the same phase and uniform particle size distribution. Most of the particles 

have hexagonal symmetry with definite crystalline shape. All the pure and doped samples have a 

small particle size with definite crystal boundaries in comparison to the results shown for the sol-

gel method. Porosity of samples is maintained presenting many surface vacant sites. Comparison 

of SEM micrographs clearly indicates the advantages of using the microwave synthesis 

technique. SEM micrographs are also providing evidence of sintering-resistant ability of the 

samples synthesized by microwave method. 

4.3.3 Catalytic activity 

Attempts were made to study N2O decomposition reaction on various structurally related 

systems. Tian et al. [23] and Perez-Ramirez et al. [24, 25] studied the hexaaluminates, doped 

with large transition metal cations, but could not get 100 % decomposition below 700°C. 

However, remarkable results were obtained by Zhu et al. [26], Zhao et al. [27] and Zhu et al. 

[28], by introduction of noble metals on various supports. The cost of noble metal is a major 

constraint, making it less applicable for practical purposes.  

 

 

 

 

 

 

Fig. 4.6: Comparison of catalytic activity of Ba2Co2Fe12O22 prepared by (a) Sol-gel method and 

(b) microwave method. 
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As shown earlier the system of Ba2Mg2-xCoxFe12O22 depicted the improvement of activity 

with respect to dopant content. The further improved results in the present study are presented in 

Fig. 4.6. Fig. 4.6 shows the comparison profile of 30 vol % N2O conversion versus the reaction 

temperature over pure Ba2Co2Fe12O22 synthesized by microwave and sol-gel combustion 

methods. It is clear from the figure that the sample synthesized by the microwave method has 

significantly higher catalytic activity as compared to the sol-gel synthesized sample. Ferrites are 

regarded as good catalysts having greater activity and stability in reducing and oxidizing 

conditions. The catalytic activity of ferrites is greatly dependent on preparation method. These 

facts are evident from Fig. 4.6. 

 The microwave heating rate is much higher than conventional heating. As it is a kind of 

internal heating, having no external source, so internal dynamics ensure that all the species keep 

on moving and uniform distribution of heat takes place. This results in the homogeneous 

crystallization of the product with highly active surface sites. Microwave radiations by the 

combination of thermal and non-thermal effects increase the probabilities of affective contact of 

all particles. As a result of these effects, catalysis can be efficiently improved [29].  In contrast 

conventional heating causes the agglomeration of particles by prolonged heating, resulting in a 

reduction of porosity and surface active sites. Although there is a slight difference in the BET 

surface area, there is a big difference in the catalytic activity of materials prepared by two 

different methods. The findings clearly reveal that this difference is only because of the synthesis 

procedure, particularly the heat treatment involved. As complemented by SEM micrographs 

samples prepared by microwave method have a uniform hexagonal symmetry with small particle 

size and thus with improved catalytic activity. 

 To further investigate the reason for differences of catalytic activity based on synthesis 

procedure, an O2-TPD (temperature programmed desorption) experiment was performed. TPD is 
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an effective method to understand and investigate the reactivity of a catalyst surface [30]. O2 

desorption profiles from catalysts prepared by sol-gel and microwave heating methods are shown 

in Fig. 4.7. Temperatures from 50°C to 650°C are termed as the low temperature range while 

above 650°C is termed as a high temperature range. Generally the adsorbed oxygen undergoes 

the following process [31] 

 O2 (ads) → O2
-
 (ads) → O

-
 (ads) →  2O

2-
 (lattice) 

The physically and chemically adsorbed oxygen can easily be desorbed, but the lattice oxygen 

species are the most difficult to get desorbed [32]. 

 

  

  

 

 

 

 

Fig. 4.7:  O2-TPD profile of Ba2Co2Fe12O22 

 As shown in Fig. 4.7, both samples show a desorption peak in the low temperature 

region, whilst the microwave synthesized sample shows one peak in the high temperature region. 

The first low temperature peak is associated with the oxygen desorbed at the catalyst surface. For 

microwave synthesized catalyst some of the lattice oxygen is also desorbed at about 800°C. O2 

desorption depends on the oxygen vacancies on the catalyst surface while the intensity of the 

peak depends on the concentration of filled oxygen vacancies [33]. It is reported in the literature 
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that the  higher the oxygen mobility is, the more oxygen vacancies will result [34]. So we can 

conclude that sol-gel method, employing high sintering temperature, leads to the aggregation of 

the particles and reduces the number of oxygen vacancies at the catalyst surface. However, the 

maximum amount of the oxygen vacancies is exhibited by the sample synthesized by microwave 

heating. Generally, the decomposition of  N2O involves dissociation of N2O to nitrogen and 

oxygen on the surface of the catalyst. Nitrogen readily desorbs as N2 while oxygen is retained on 

the surface [35]. So the active and stable catalyst for this reaction should not only be able to 

adsorb and dissociate N2O, but also should have the ability to accommodate the desorption of 

oxygen. This TPD profile is evident of better catalytic activity of the catalyst prepared by 

microwave heating method. 

 Stability of the catalyst is one of the key factors in determining the efficiency of the 

catalyst. As N2O decomposition is a highly exothermic reaction so a proficient catalyst needs to 

withstand this temperature for the required reaction time.  

 

 

 

 

 

 

 

 

Fig. 4.8:  Stability run of the Ba2Co2Fe12O22 catalyst prepared by (a) microwave heating method 

and (b) sol-gel method at 873 K. 
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 Fig. 4.8 accounts for the stability of Ba2Co2Fe12O22 prepared by two different methods. 

This figure shows that synthesized catalysts are stable for more than 24 hrs without any 

deactivation. Fig. 4.9a and b depicts the catalytic activity of Zr-Ni doped materials prepared by 

the two methods. Substitution of Zr and Ni increased the catalytic activity. Catalytic activity of 

hexaferrites is dependent on various factors i.e. surface active sites, redox behavior of substituted 

ions and cation distribution at octahedral and tetrahedral sites [36]. Mainly the octahedral sites 

are responsible for catalytic activity because tetrahedral sites are located within the structure and 

are thus inactive [37]. Iron distributed in the octahedral sites induces the conduction mechanism 

in ferrites as well as contributing to catalytic activity [17]. There is an intrinsic conduction taking 

place between Fe
2+

 and Fe
3+

. The Zr
4+

 has a tetrahedral site preference and Ni
2+

 prefers to 

occupy the octahedral site [38]. The Fe ions are replaced by Ni ions at the octahedral site by 

increasing concentration of Zr-Ni. This replacement of ions increases the redox behavior of the 

catalyst, resulting in better catalytic activity. 

 

 

 

 

 

 

 

 

Fig. 4.9: Catalytic activity profile of Ba2Co2Fe12-2x(Zr,Ni)xO22 (x=0.0-1.0) prepared by a. sol-gel 

method; b. microwave heating method 
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 Zr is known to stabilize the crystal structure in many phases. Iron proved to be less active 

in the mixed oxide system [39], but nickel has always shown good catalytic activity for various 

catalytic reactions [40]. Replacement of iron with nickel enhances the catalytic activity. Catalytic 

activity is directly proportional to the surface area and a similar trend is shown by the 

synthesized samples (Table 4.1). Substitution of Zr-Ni increases the surface area. In case of 

microwave synthesized samples this increase is more significant and highest surface area of 16 

m
2
 g

-1
 is obtained. The catalytic activity of doped samples prepared by microwave synthesis 

route is also higher than the sol-gel synthesized samples. 

 Fig. 4.9a and b show that by changing the composition of a sample, over different 

temperatures, gives a non-linear increase in the catalytic activity. As mentioned above, 

decomposition of N2O results in N2 and O2 formation on the catalyst surface. N2 readily desorbs 

while oxygen is retained on the catalyst surface, which can deactivate the catalyst by blocking 

the active sites. By increasing the temperature or dopant concentration, these oxygen species get 

desorbed again and results in regeneration of the active sites. In this way a catalytic cycle takes 

place in the form of a step wise behaviour. This type of oxygen is termed as extra lattice oxygen 

(ELO). High temperatures favour the mobility of this ELO and thus favours the decomposition 

reaction [41]. As mentioned earlier cations either occupy tetrahedral or octahedral sites and 

generation of oxygen vacancies by tetrahedral replacement activates the N2O while cation 

replacement at octahedral sites promotes the redox potential. Collectively this all contributes to 

the enhanced catalytic activity”.  

4.4 Conclusions 

 Zr-Ni doped Ba based Y-type hexaferrites with nominal composition were synthesized 

successfully by sol-gel auto combustion and microwave heating methods. The microwave 
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method is found to be more effective and fast to get pure Y-type hexagonal phase at relatively 

low annealing temperature (1173 K) and at considerably less time. Microwave synthesized 

samples have a well-defined crystal structure with definite porosity. All the pure and doped 

samples synthesized by the microwave method showed higher catalytic activity against N2O 

decomposition. This improved catalytic activity was attributed to high surface area, 

homogeneous morphology and increased redox behaviour of the doped catalysts. The results 

substantiate that microwave synthesis not only reduces the reaction temperature and time, but 

also improves the potential properties of the synthesized materials, in particular the catalytic 

activity at high temperatures. These materials can successfully be used for high concentration 

N2O decomposition in aerospace technology.  
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Table 4.1 Comparison of structural parameters of Zr-Ni doped Ba2Co2Fe12-2x(Zr,Ni)xO22 

Method Zr-Ni 

Content 

(x) 

Lattice 

parameter, 

a, (Å) 

Lattice 

parameter, 

c, (Å) 

Cell 

volume, 

Vcell, (Å
3
) 

± 0.5 

Crystallite 

size, 

D, (nm) 

± 3 

BET surface 

area, (m
2
g

-1
) 

 

± 0.55 

sol-gel 

 

 

 

 

x=0.0 5.83 43.23 1272.4 56 5.36 

x=0.2 5.86 43.30 1287.6 58 3.93 

x=0.4 5.89 43.58 1309.2 67 5.81 

x=0.6 5.89 43.61 1310.1 65 5.85 

x=0.8 5.90 43.78 1319.7 71 6.08 

x=1.0 5.91 43.98 1330.3 79 8.56 

microwave 

 

x=0.0 5.86 43.55 1295.0 34 7.35 

x=0.2 5.87 43.61 1301.3 23 8.50 

x=0.4 5.89 43.65 1311.3 36 8.26 

x=0.6 5.89 43.75 1314.4 38 11.03 

x=0.8 5.90 43.78 1319.7 31 14.36 

x=1.0 5.90 43.89 1323.0 29 16.12 
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Chapter 5 

Electrical and thermoelectric attributes of 

Ba2Co2Fe12-2x (Ti, Mn) xO22 with novel catalytic 

application 
 

5.1  Introduction: 

Earlier chapters are devoted to the exploration of catalytic properties of pure and doped 

Y-type hexaferrites. However; the developed nanomaterials are very efficient to be used for 

various potential applications. As discussed in the introduction, hexaferrites are complex oxides, 

classified further into six types, based on chemical formula and structural units [1]. These 

compounds have the advantage of possessing  Fe
3+

 ions in crystal lattice, which can be 

substituted by solely trivalent cations as Al
3+

, Cr
3+

, Ga
3+

, Sc
3+

 etc. or a combination of di- and 

tetravalent ions such as (Zr-Mn), (Zr, Co), (Ti, Zn).  As discussed in literature survey many 

scientists utilized the substitution of various cations to improve the focussed properties. This is 

an efficient way of developing an extremely wide range of compounds with different properties. 

These substitutions can be greatly helpful in tailoring the compounds for the desired electric, 

magnetic, microwave and catalytic properties [2-10]. Y-type hexaferrites were extensively 

studied for their magnetic properties, however, the electrical properties need to be explored 

further because technological applications need the wider knowledge of general physical 

properties as well.  

It has been observed in earlier chapters that Y-type hexaferrites proved to be very good 

catalysts for the nitrous oxide decomposition reaction, especially in microwave irradiation mode. 

The catalytic ability in these compounds is attributed to the strong intrinsic redox reactions 
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taking place within the structure. Mixed oxides are regarded as having good catalytic properties 

because of their defect concentration and surface redox properties.  

In the present chapter, a series of compounds of  Ba2Co2Fe12-2x(Ti,Mn)xO22 (x=0.0-1.0) 

was synthesized by sol-gel method. The prepared samples were studied in detail for their 

dielectric, thermoelectric and catalytic properties as a function of frequency and/or temperature. 

This is the first time that a co-doped (Ti-Mn) system was investigated for its electrical properties 

and thermoelectric characteristics as a function of frequency and temperature. The results were 

used to describe and explain the transport properties of the charge carriers involved. The 

valuable information was useful for explaining various conduction mechanisms taking place and 

accordingly can be employed for commercial use after optimizing the material. Lastly, the 

samples were tested for their catalytic role against N2O decomposition at different temperatures. 

The co-doped Ti-Mn material showed promising efficiency and stability at temperatures very 

much suitable for commercial purposes. The compositional dependence of electrical, 

thermoelectric and catalytic properties will also be described. 

5.2  Experimental details 

5.2.1 Sample synthesis procedure 

Sol-gel method
 
[11] is adopted to synthesize a series of ferrite samples of Ba2Co2Fe12-

2x(Ti,Mn)xO22 with x = 0.0-1.0 in order to achieve homogeneity of ions at low annealing 

temperature. Stoichiometric amounts of analytical grade reagents  Fe(NO3)3•9H2O (Panreac, 

98%), Ba(NO3)2 (Merck, 99%) and Co(NO3)2 (Merck, 99%) were dissolved in citric acid 

aqueous solution at 298 K and then a stoichiometric amount of Mn(CH3COO)2•4H2O (Merck, ≥ 

99 %) and TiCl4 were added, yielding a completely homogeneous and transparent solution within 

few seconds. The solution was maintained at pH 8 by adding 2M (NH4)2CO3 aqueous solution 
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and then slowly evaporated to yield a highly viscous residue and converted to dried gel by 

heating in a temperature range of 393-423 K. The obtained amorphous precursor was thermally 

processed at 1273 K in a temperature programmed furnace at a heating rate of 5 K min
-1

 for 5 h. 

Pellets of different thickness and 13 mm diameter were prepared using a hydraulic press 

applying a uniaxial pressure of 1500 lb in
-2

 for 2 min. Pellets were sintered for 3 h at 1373 K 

resulting in 90-94% theoretical density. 

5.2.2 Characterization techniques 

The X-ray diffraction (XRD) patterns were recorded with a PANalytical X’Pert-Pro 

powder X-ray diffractometer, using Cu-Kα  monochromatized radiation (λ=0. 1541 nm) at a scan 

speed of 5
o 

min
-1

. Crystallite dimensions were calculated using the Scherrer equation. Scanning 

electron microscopy (SEM) experiments were performed with an FEI Quanta 200 ESEM 

electron microscope operating at 20–25 kV. The O2-TPD test was performed on a Micromeritics 

AutoChem II 2920 automated catalyst characterization System. The sample was firstly reduced 

at 773 K for 1 h under 10% H2/Ar condition and then flushed with Ar for 1 h at 783 K to remove 

the extra hydrogen adsorbed on the catalysts. After cooling to 323 K O2 was injected until 

saturation. Then, the temperature was increased at a ramp of 10 K min
-1

 to 1173 K under Ar, and 

the desorbed products were monitored by a TCD detector. 

5.2.3 Electrical measurements 

Seebeck coefficients were measured in an MMR Technologies SB-100 Programmable 

Seebeck Controller. A rectangular piece of pellet was cut with a low speed saw having 

dimensions of ~ 6*1*1.5 mm. An Ohmic contact was made to the samples by shadow sputtering 

a 100 Å layer of Ti over coated with 1000 Å of Pt. Electrical contact with the probes was made 

using silver epoxy Epo-tekH20E. The DC electrical conductivity versus temperature was 
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measured with an HP 3478A multimeter from 298–773 K using a four point technique. For 

resistivity measurements the rectangular piece of sample was prepared with dimensions ~ 

10*1.5*1.5 mm. Silver epoxy was used to make the ohmic contacts with the probes. For 

dielectric measurements, LCR meter (Wayne Kerr precision component analyzer, LCR 6440B) 

was used in parallel mode setting with the variation of frequency ranging 20 Hz-3 MHz. 

5.2.4 Catalytic measurements 

Catalytic decomposition of N2O was carried out in a fixed-bed flow reaction system 

under atmospheric pressure. 200 mg of a catalyst was placed in a quartz filter in the middle part 

of the reactor. Prior to the reaction, the catalyst sample was preheated with argon at 250 °C for 2 

h. After cooling to room temperature in Ar, the gas flow was switched to the reacting gas 

mixture containing 30 vol.% N2O in Ar at a flow rate of 50 ml min
-1

, corresponding to a gas hour 

space velocity (GHSV) of 30000 h
-1

. The outlet gas composition was analyzed online with an 

Agilent 6890N gas chromatograph equipped with Porapak Q and molecular sieve 13X columns 

and a thermal conductivity detector. The N2O conversion was calculated from the difference 

between the inlet and outlet concentrations. Before analysis, the reaction proceeded at each 

temperature for 30 min to reach a steady state. 

5.3 Results and discussion 

The content quoted in inverted commas is taken as such from our publication (Ul-ain, B.; 

Ahmed, S.; Rehman, A.; Huang, Y. Q.; Randall, C. New J. Chem., 2013. DOI: 

10.1039/c3nj00309d) 
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5.3.1 Structural and phase studies 

“Fig. 5.1 (a & b) displays the XRD patterns of pure and co-doped Ba2Co2Fe12-2x(Ti, 

Mn)xO22. The pure Ba2Co2Fe12O22 sample was subjected to Rietveld refinement to confirm the 

formation of isolated Y-type hexaferrite phase (Fig. 5.1a). All the diffraction peaks are in close 

agreement (R = 4.28%) with the reported hexagonal crystal structure with space group R3m 

(166) [12]. The lattice parameters as calculated by refinement are a=b= 5.862 Å and c= 43.517 

Å, leading to the cell volume of 1294.9 Å
3
, while the calculated density is 5.41 g cm

-3
. 

The XRD patterns of doped Ba2Co2Fe12O22 are shown in Fig. 5.1b. Addition of Mn and 

Ti do not affect the hexagonal phase of Y-type hexaferrite. There is no reflection of the second 

phase in any of the doped samples. All the diffraction lines match well with the standard pattern. 

This points towards to the fact that Mn and Ti can successfully substitute Fe to the doped extent 

without disturbing the hexagonal phase. XRD data were further used to calculate the different 

structural parameters including lattice constants, cell volume, density and crystallite size by 

using the well-known equations [13] and the values are reported in Table 5.1. One can clearly 

see that lattice parameters increase with increasing the dopant content. The increment in lattice 

constant a=b is negligible; however, there is a noteworthy increase in lattice constant c, which 

further increased the cell volume. While substitution, valency of aliovalent ions along with ionic 

radii affect the structural as well as physical properties. Ionic radius of Fe
3+

 is 0.65 Å which is 

smaller than either of Mn
2+

 (0.81Å) and Ti
4+

 (0.74Å).  This leads to the expansion of cell and 

thus increased cell volume. 
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Fig. 5.1(a): Phase identification of Ba2Co2Fe12O22 by Rietveld refinement [JCPDS=044-0206] 

(b): XRD spectra of (a)Ba2Co2Fe12O22 (b)Ba2Co2Fe11.6Ti0.2Mn0.2O22 c)Ba2Co2Fe11.2Ti0.4Mn0.4O22 

(d)Ba2Co2Fe10.8Ti0.6Mn0.6O22  (e)Ba2Co2Fe10.4Ti0.8Mn0.8O22 (f)Ba2Co2Fe10TiMnO22 compared 

with standard pattern. 

 Crystallite size was calculated by the famous Scherrer formula and found to be in the 

range of 30-54 nm. The density of the palletized materials was calculated by Archimede’s 

principle and all of the samples were found to be 92-95% dense.  Bulk density of pellets was 

calculated by using the mass and dimensions of the pellet and it was found that bulk density is 

always less than Archimedes (actual) density. This is due to formation of unavoidable pores 

during sintering. Decrease in bulk density may be due to oxygen lattice shrinkage around the 

octahedral sites [14]. 
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Fig. 5.2 SEM Micrographs of a) Ba2Co2Fe12O22 b) Ba2Co2Fe11.2Ti0.4Mn0.4O22 c) 

Ba2Co2Fe10TiMnO22 

Well crystalline nature of all pure and doped powdered materials is exhibited by SEM 

micrographs (Fig. 5.2). All of the materials are crystalline in nature and there is a wide 

distribution of particle size. Different grains with definite grain boundaries and distorted 

hexagonal symmetry are evident in all the samples. Substitution of Ti-Mn has no effect on the 

surface morphology of the samples. 

5.3.2  Electrical studies 

Fig. 5.3 shows the dependence of AC conductivity on frequency and sample composition 

at room temperature. Measurements were made between 20 Hz-3 MHz. Fig. 5.3 clearly shows 

that AC conductivity increases with increasing frequency, but the opposite behaviour is observed 

with respect to composition. It is generally accepted that the AC component of conductivity is 

directly proportional to the n
th

 power of frequency, where n is close to unity [15]. This frequency 

dependent behaviour can be explained on the basis of Maxwell-Wagner double layer model [16].  
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For the pure phase of hexaferrite high temperature sintering is required. At this high temperature 

many of Fe
3+

 ions reduce to Fe
2+

. The electron hopping between Fe
3+

Fe
2+

 is responsible for 

conduction in hexagonal ferrites. Formation of Fe
2+

 at high temperature can also lead to the 

formation of highly conductive grains. When these grains cool down in an oxygen atmosphere 

many layers of low conducting grains can possibly be produced. These grains and grain 

boundaries can strongly affect the electrical behaviour of the material [17]. At low frequency the 

grain boundaries are more active and responsible for the electron hopping between Fe
2+

 and Fe
3+

, 

but as the frequency increases the grains also become active to increasing the hopping frequency. 

This results in the increase of AC conductivity with increasing frequency. 

 

 

 

 

 

 

 

Fig. 5.3: AC Conductivity measurements of pure and doped Ba2Co2Fe12-2x(Ti,Mn)xO22  within 

frequency range of 20 Hz-3 MHz. 

 AC conductivity decreases with increasing the dopant content of Ti-Mn.  This behavior 

can be explained in the light of the Verwey deBoer hopping model. Tetrahedral and octahedral 

are the dominant sites occupied by cations in Y-type hexaferrites. Tetrahedral sites are not 

involved in the conduction mechanism as they are embedded within the structure [18] while 

octahedral sites are exposed to the environment and mainly responsible for conduction 

mechanism. Different cations have a preference to occupy different crystallographic sites 
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depending on the ionic radii. Fe
3+

 ions occupy both octahedral and tetrahedral sites while 20% of 

Mn occupies octahedral sites and 80% goes to tetrahedral sites [19]. Ti will reside on the 

tetrahedral site if added in small amounts but the higher content of Ti prefers to occupy 

octahedral sites [20]. It is anticipated that electron transfer between Fe
3+

 and Fe
2+

 and hole 

transfer between Co
2+

 and Co
3+

 is responsible for intrinsic conduction taking place in pure 

samples. Addition of Mn and Ti in small amount leads to the displacement of Fe
3+

 from the 

octahedral site by Mn
2+

 ions. This results in decreased electron hopping at the octahedral site 

thus decreasing the conductivity. At higher concentration of dopants the effect of Mn ions on 

conduction is dominated by Ti. It is interesting to note that co-doping Mn with Ti has different 

effects on the electrical properties as compared to Mn alone [19].
 

 
The presence of Ti

4+
 on the octahedral site act as an electrostatic trap. Usually the higher 

valence cations with incomplete 3d and 4s electrons act as an electrostatic trap for electron 

exchange between Fe
3+

 and Fe
2+

 ions. These high valence cations act as screening centers when 

present at the octahedral site [21]. This means that Ti
4+

 can form stable electrical bonds with Fe
2+

 

and localize these ions [22]. This localization hinders the electron transfer between the same 

elements of different valency, distributed at two different crystallographic sites and leads to a 

decrease in conductivity [23].  Due to this phenomenon the AC electrical resistivity increases by 

increasing the content of Ti-Mn. This increased resistivity is highly desired in electronic 

components of mobile and wireless communication at low as well as at high frequencies. 

 Fig 5.4a and b show the behavior of  and tan δ with respect to frequency and dopant 

content, respectively. The value of  decreases with increasing frequency which is a normal 

trend. This behaviour was observed by many scientists in case of mixed oxides [17]. 
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Fig. 5.4: Frequency dependence of the Ba2Co2Fe12-2x(Ti,Mn)xO22 material for : a) dielectric 

constant, b) tan δ  

The value of dielectric constant is high at low frequency but it decreases with increasing 

frequency and becomes almost constant at 3 MHz. A strong correlation between conductivity 

and dielectric polarization was reported by Iwauchi and Ikeda [24]. Like conductivity the 

electron exchange between Fe
3+

 and Fe
2+

 is responsible for polarization in ferrites due to the 

local displacement of electrons. This phenomenon can be explained on the basis of Koops theory 

which was also based on Maxwell- Wagner model of the inhomogeneous dielectric double layer 

structure [25]. According to this model ferrites are composed of well conducting grains separated 

by thin grain boundaries which act as an insulating matrix. In the presence of external applied 

fields, electrons reach this insulating matrix by hopping. High resistance of grain boundaries 

compels electrons to pile up there and produce polarization. These insulating grain boundaries 

are effective at lower frequency while the grains with high conductivity are effective at high 

frequency. This explains the decrease of  with increasing frequency [26]. The dielectric constant 

is a transport property like electrical conductivity, so the magnitude of polarization in ferrites 

10
2

10
3

10
4

10
5

10
6

10

100



f (Hz)

 x=0.0

 x=0.2

 x=0.4

 x=0.6

 x=0.8

 x=1.0

(a)

10
2

10
3

10
4

10
5

1

0.1

0.01

ta
n

 

f (Hz)

 x=0.0

 x=0.2

 x=0.4

 x=0.6

 x=0.8

 x=1.0

(b)



118 
 

also depends on concentration of Fe
3+

/Fe
2+

 ions present on the octahedral site of Y-type 

hexaferrite [27]. It is clear from Fig. 5.4a that the dielectric constant decreases with increasing 

the Ti-Mn content. Introduction of Ti-Mn decreases the redox couple Fe
3+

/Fe
2+

 at the octahedral 

site thus decreasing the polarizations induced. 

The variation of dielectric loss tangent (tan δ) with frequency (20 Hz-3 MHZ) at room 

temperature is shown in Fig. 5.4b. The loss tangent (tanδ) is a representation of energy loss in 

dielectrics.  Like the dielectric constant, all the samples show similar trend i.e. tanδ decreases 

with increasing frequency, becoming almost constant at higher frequency. This typical behavior 

of tanδ can be elucidated on the basis of the Rezelscuu model [28].  

  tanδ = 1/ (ώεₒ’ρ)       (5.1) 

Where ώ is the angular frequency of field (ώ=2πfmax) and ρ is resistivity. As mentioned 

above the dielectric polarization is similar to the conduction mechanism, so when the jumping 

frequency of electron between Fe
3+

/Fe
2+

 becomes equal to the applied frequency, maximum 

value of tanδ is observed [29]. There is a slight increase in frequency after a small peak in all of 

the samples. These peaks are slightly shifted towards the lower frequency with the addition of 

dopants. Charge transport processes such as conductivity, dielectric and ion dynamics are 

functions of frequency and temperature. Continuous decrease in peaking frequency with the 

addition of dopants is indicative of the fact that hopping probability of electron between 

Fe
3+

/Fe
2+

 is decreasing with increasing substituents. This is due to the trapping and decrease of 

Fe
2+

 ions at octahedral sites by increasing concentration of Ti
4+

 ions. This leads to the decrease in 

polarization of a compound. The behaviour of undoped sample is different than the Ti-Mn doped 

samples which indicates that the dipolar interactions are changed with the addition of dopants. 
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As Ti has high dielectric permittivity so the clear peaking behaviour can be observed in Ti-Mn 

doped materials. 

In general the electrical properties of Y-type hexaferrites are dependent on the chemical 

composition, sintering temperature, grain size etc. Y-type hexaferrites are semi-conductor in 

nature having resistivity in the range of 10
6
-10

9
 ohm-cm. Substitution of Fe by different elements 

can affect the resistivity of sample to several magnitudes of measurement. DC resistivity was 

measured in the temperature range of 273-773 K. The resistivity decreases with increasing 

temperature which is typical behaviour of semiconductors. This decrease is sharp at low 

temperature becoming almost constant at high temperatures. This type of behaviour is suggestive 

of the fact that hopping type mechanism is temperature dependant [6]. In Y-type hexaferrites 36 

Fe
3+

 are distributed on two crystallographic (tetrahedral (A) and octahedral (B)) sites per formula 

unit. These ions are surrounded by oxygen ions. The distance between two metal ions in the 

same octahedral site (B) is smaller than the metal ions in different octahedral (B) and tetrahedral 

(A) sites, so there is less probability of electron hopping between A-B than between B-B. Also, 

there can be no electron hopping at the tetrahedral site (A-A) because all the Fe
2+

 ions during the 

course of synthesis prefer to occupy the octahedral site.  Fig. 5.5 shows that resistivity increases 

with the increasing dopant content. This is simply due to the substitution of Fe
3+

/Fe
2+

 ions by 

Ti
4+

 ions. The Ti
4+

 being an electrostatic trap for the electron exchange between Fe
3+

/Fe
2+

, 

hinders the hopping process. At the same time increasing content of Mn-Ti replaces Fe
3+

 from 

octahedral site resulting in an increase of resistivity. 

It is noteworthy that the addition of Mn alone in Y-type hexaferrites has different 

behaviour. Adding Mn to a certain extent increased the resistivity and then further addition 

resulted in the decreased resistivity [19]. 
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Fig. 5.5: Variation of DC resistivity of Ba2Co2Fe12-2x(Ti,Mn)xO22 material as a function of 

temperature at different compositions. 

 This is because of the fact that 20% of Mn tends to occupy octahedral sites and 80% 

occupies tetrahedral sites. At first, addition of Mn replaces Fe
3+

 from the octahedral site but 

further addition of Mn displaces back Fe
3+

 from tetrahedral to the octahedral site, increasing 

conductivity. But in this case the hopping mechanism is dominated by Ti
4+

 ions at higher 

concentration of dopant content and resistivity increased with increased substitution. The 

increased concentration of Ti
4+

 is associated with the replacement of 2Fe
3+

 ions by Ti
4+

 and 

Mn
2+

. As tetravalent ions are capable of forming electrostatic bonds with Fe
2+

 ions, thus 

localizing them at the same time. This localization hinders the Verwey de-Boer hopping 

mechanism resulting in an increase of resistivity [23]. Further insight to conduction mechanism 

can be taken by considering the thermoelectric Seebeck coefficient measurement as discussed in 

following paragraphs. 

 The temperature dependence of resistivity is given by the Arrhenius equation (Eq. 5.2). 

As discussed earlier the hopping conduction mechanism is dominant in hexaferrites and 

according to Verwey hopping mechanism the exchange of electron between Fe
2+

 and Fe
3+

 at 
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equivalent crystallographic sites (octahedral sites) is responsible for the electronic conduction in 

ferrites . 

   ln  = ln ₒ + (Ea/kBT)       (5.2) 

 

 

 

 

 

 

Fig. 5.6:  lnσT
3/2

 versus 1/kBT plot of Ba2Co2Fe12-2x(Ti,Mn)xO22 material for activation energy 

evaluation. 

 According to theory of magnetic semiconductors by Irkhin and Turov [30] the 

logarithmic representation of equation 5.2 (lnρdc vs 1/kBT) should be a straight line and the 

activation energy can be calculated from the slope. But in many ferrites, where the small polaron 

hopping is the dominant mechanism of conduction, this equation is modified by Holstein et al. 

[31] and represented as  

  σdc= AT
3/2

exp [- Eσ/kBT]     (5.3) 

Where A is pre-exponential constant. The logarithmic form of the above equation is plotted to 

calculate the activation energies (Fig. 5.6). 

5.3.3  Thermoelectric studies.  

 Values of Seebeck coefficients were calculated in the temperature range of 295-700 K by 

the thermo e.m.f. and are shown in Fig. 5.7. The Seebeck coefficient values for all compositions 
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are in the range of -20 to -80 V/K. Negative values for all the Seebeck coefficients are a clear 

indication of the involvement of electrons as charge carriers in the conduction process. There is 

almost no variation in Seebeck coefficient values with temperature and compositional change. 

 Hexagonal ferrites are known to be transition metal oxide semiconductors characterized 

by low mobilities. For these types of materials the activation energy is associated with mobility 

of charge carriers rather than the concentration [32]. Ions are known to be localized at the 

octahedral sites and conduction takes place due to the hopping of these localized electrons. 

Usually the Seebeck coefficient (α) is defined as  

  α= ΔV/ΔT         (5.4) 

On the other hand it can be associated to charge carrier concentration (n) as 

  n = N exp (-α e / kB)       (5.5) 

Where N is the density of states involved in conduction which is usually taken as 10
22

 for low 

mobility materials such as ferrites, e is the electronic charge and kB is the Boltzmann constant. 

The charge carriers for all the materials at all the temperatures are in the range of 10
22

, 

independent of temperature and concentration. The charge carrier concentration agreed with 

those calculated by using the structural relation as 

  n = NAmB / M       (5.6) 

Where ‘NA’ is the Avogadro’s number, ‘ρm’ is the measured bulk density of sample; ‘B’ is the 

number of iron atoms in the chemical formula of the materials and ‘M’ is the molecular formula. 

As the carrier concentration is constant within all ranges of temperature and compositions, so an 

increase in conductivity can be related to drift mobility (µd) of charge carriers. This fact supports 
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the fact that the hopping conduction mechanism is taking place within these ferrites [33]. Taking 

into account the resistivity and carrier concentration the drift mobility (d) can be calculated by 

the following relation as  

               d= 1/ne         (5.7) 

 

 

 

 

 

Fig. 5.7: Temperature dependence of thermoelectric power for doped Ba2Co2Fe12-2x(Ti,Mn)xO22 

with  x = 0.0-1.0 

              Where n is carrier concentration, e is charge on an electron and ρ is measured resistivity. 

The values of drift mobility µd calculated for the prepared materials are in the range of 10
-9

 to 10
-

6
 cm

2
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-8
 cm
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K
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 for 

oxidic ferrites [34]. The activation energy for mobility can be calculated by the following 

relation 

 µd = µₒ exp (-Eu/kBT)      (5.8) 

 Eu is the activation energy for mobility of charge carriers and ₒ is drift mobility at 0 K. 

Fig. 5.8 shows the variation of lnµd with increasing temperature. It is consistent with the 
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resistivity results i.e. the resistivity of the sample decreases with increasing temperature thus 

increasing the mobility of carriers.  

The slope between lnµd and 1/kBT gives the value of activation energy corresponding to mobility 

of charge carriers (Eu). Both Eu and Eσ are tabulated in Table 5.1 for the sake of comparison. It is 

observed that Eu≈Eσ, which confirms the Seebeck measurements i.e. activation energy involved 

in hopping, is solely due to the mobility of charge carriers as concentration of charge carriers is 

almost constant for all the compositions. Similar results have been reported earlier by other 

investigators [35].  For most of the low mobility oxides, the charge carriers are assumed to be 

localized at vacant site or ions. There are lattice vibrations taking place within a structure and 

due to these lattice vibrations the ions come closer to each other and electron transfer takes place 

leading to arousal of conduction mechanism.  

 

 

 

 

 

Fig. 5.8: Temperature dependence of drift mobility for Ba2Co2Fe12-2x(Ti,Mn)xO22 (a) x=0.0(b) 

x=0.2 (c) x=0.4 (d) x=0.6 (e) x=0.8 (f) x=1.0. 

 These mixed oxides have less hybridization of 3d, 4s and 2p orbitals of oxygen as 

compared to metals, so conduction is difficult in these materials. But as the temperature 

increases, the separation between these orbitals shrink and small polarons are induced thus 
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increasing the conductivity. This fact complements the existence of a polaron hopping 

conduction mechanism between Fe
3+

/Fe
2+

 in hexagonal ferrites rather than band conduction 

mechanism [36]. In this way thermoelectric studies give us an important insight of the 

conduction mechanism and type of charge carriers involved in the conduction. The temperature 

and composition independent behaviour of the Seebeck coefficient clearly indicates the 

conduction dependence on mobility rather than on the number of charge carriers (i.e. 

concentration) in case of Y-type hexaferrites. 

5.3.4  Catalytic activity. 

 As a consequence of semiconductive properties, ferrites show a very good catalytic 

activity for various inorganic and organic chemistry reactions. The catalytic activity of ferrites is 

greatly affected by preparation methods, pretreatment temperature, substitutions and 

environmental conditions. Along with this, the activity of substituted hexagonal ferrites greatly 

depends on the nature and the ratio of substituents, which can alter the phase composition and 

surface properties [37]. The variation of catalytic activity with dopant content is shown in Fig. 

5.9. The achieved results show that the N2O conversion is dependent on the compositions and 

decomposition temperature decreases with increasing the substituent content. As shown by 

Seebeck coefficient measurements, the Y-type hexaferrites are n type semiconductors. It is 

stressed by Dell et al. [38] that p type semiconductors show highest activity, n type the lowest 

and insulators the intermediate. Whereas some scientists propose that anion vacancies are more 

important in determining the catalytic activity of ferrites [39]. 

 As described earlier, Fe
3+

 ions distributed at octahedral sites are responsible for 

conduction as well as catalytic activity. Increasing Ti-Mn content replaces the Fe
3+

 from the 

octahedral site by Ti
4+

 and Mn
3+

. Tetravalent ions as Ti
4+

 are known for stabilizing the complex 
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oxide crystal structure while the presence of Mn in different oxidation states is required for good 

catalytic activity as activity is governed by Mn
2+

/Mn
3+

 redox processes [40]. 

Mn
2+

 is inactive for N2O decomposition however Mn
3+

 at the octahedral site served as an 

active centre for N2O decomposition reaction [41]. On the other hand, N2O decomposition 

reaction is studied on various oxide surfaces and apparent relationship between activity and 

semiconductivity is tried to establish. In case of hexaferrites, which are n type semiconductors, 

importance of surface anion vacancies may outweigh the electronic considerations. 

 

 

 

 

 

 

Fig. 5.9: Catalytic activity of Ba2Co2Fe12-2x(Ti,Mn)xO22 for 30 vol% N2O decomposition 

Hauff et al. [42] tried to explain this correlation by the charge transfer mechanism as  

   N2O (g) + e
-
  ↔  N2O

-
 (ads)      (5.9) 

   N2O
-
 (ads)   ↔  N2(gas) + O

–
 (ads)    (5.10) 

   2 O
-
 (ads)     ↔   O2 (gas)  + 2e

-
    (5.11) 

This reaction takes place with intermediate O
-
 ions. These O

-
 ions can adsorb on the catalyst 

surface and can deactivate it. So the O2 desorption step acts as a rate determining step. An 

efficient catalyst should have the ability to desorb this O
-
 species. Cimino and Indovina [43] 

investigated the activity of MgO and MgO-Li2O with dispersed Mn
3+

 and Mn
4+

 and found that 
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Mn
3+

 ions are more active than Mn
2+

 or Mn
4+

. Along with this, the oxygen species O
-
 is more 

loosely held on Mn
3+

 rich catalysts, making it easy to desorb. N2O readily adsorbs at oxygen 

vacancies and reacts with O2, O
-
 or O2

-
 to form intermediates as N2O

-
, N2O2 that finally 

decompose into N2 and O2, thus leaving an oxygen vacancy and inducing the reduction reactions 

as Mn
3+

 to Mn
2+

. So the enhanced catalytic performance due to the Mn-Ti doping can be related 

to the concentration of oxygen vacancy and the properties of redox couples, Mn
n+

/Mn
(n+1)+

 (n = 

2, 3) and Fe
3+

/Fe
2+

, as well as the mobility of lattice oxygen. 

 The existence of the oxygen interstitial vacancies results in the rise of lattice oxygen 

mobility which is favourable for catalytic decomposition of N2O. The role of oxygen vacancies 

was accessed by performing O2-temperature programmed desorption (TPD) for the most active 

catalyst. Fig. 5.10 depicts the desorption peaks in low as well as high temperature regions. The 

first peak is observed at 393 K which is due to the physiosorbed oxygen at the catalyst surface 

while the second peak appeared at 873 K, which is due to the disruption of lattice oxygen [44]. 

As lattice oxygen is strongly adsorbed and difficult to remove, a high temperature is required for 

desorption. Desorption of oxygen at a specific temperature depends on oxygen vacancies while 

the intensity of the peak depends on the concentration of oxygen filled vacancies and oxygen 

availability [45]. Higher oxygen mobility gives rise to higher oxygen vacancies. Based on the 

above results, it is established that there is a correlation between the structural defect 

(predominantly oxygen vacancies), the redox (mainly transition metal ion couples) capability and 

catalytic performance of these materials for the N2O decomposition reaction. The production of 

oxygen vacancies by A-site replacements helps in the activation of O2 and NOx; while the 

variation of B-site ion oxidation states by equivalent ion substitutions in A- and/or B-sites 

endorses the redox process of the catalyst. In a nutshell these cationic substitutions result in a 

kind of catalytic materials that can perform well for decomposition of N2O [46]. 
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Fig. 5.10: O2-TPD profile of Ba2Co2Fe10TiMnO22 versus temperature. 

 

 

 

 

 

 

  

 

Fig. 5.11: Stability run of Ba2Co2Fe10TiMnO22 at 873 K for 30 hours for N2O decomposition. 

 The reason that N2O is regarded as an efficient propellant is the high volume expansion 

and enormous heat released on the decomposition [47]. Another important feature of any 

material to be an efficient N2O decomposition catalyst is its ability to withstand high 

temperatures without deactivation. Although several catalysts, as given in the introduction, are 

efficient enough for N2O decomposition at sufficiently low temperatures, most of them cannot 

withstand the reaction at high temperature and deactivate either partially or completely. In order 

to have a comparative view, closely related prepared catalysts are reported in Table 5.2 with the 
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temperature at which 100% decomposition of N2O was achieved. It can be observed from the 

table that Ti and Mn co-doped Y-type hexaferrites having simple crystal structure can 

decompose this gas at relatively low temperatures compared to the previously reported catalysts 

without being deactivated. Fig. 5.11 shows the stability test of  Ba2Co2Fe10MnTiO22 catalyst for 

N2O decomposition reaction at 873 K. The prepared catalyst was stable for more than 24 h 

without any deactivation. This leads to the conclusion that Y-type hexaferrites have a stable 

crystal structure and can withstand at high temperatures due to their sintering resistant ability”. 

5.4  Conclusions 

Ti-Mn co-doped series of Ba2Co2Fe12-2x(Ti,Mn)xO22   with x = 0.0-1.0 was successfully 

synthesized by the sol-gel method. The composition, frequency and temperature dependence of 

AC conductivity, dielectric constant and Seebeck coefficient of synthesized materials is 

explained in the light of different models. The intrinsic DC resistivity of materials was increased 

by adding Ti-Mn, which is one of the desired properties for applications of electronic circuits and 

data storage devices. DC resistivity results showed that a hopping conduction mechanism is 

predominant in Y-type hexaferrites which was further confirmed by thermoelectric studies. Most 

importantly, the synthesized ferrites served as efficient and stable catalysts for the complete N2O 

decomposition at 873 K. The enhanced activity by addition of Ti-Mn is attributed to the 

collective electronic as well as surface anion vacancies. Results demonstrated that a particular 

composition of initial precursors can make a material suitable to operate at particular frequencies 

and temperature requirements. The synthesized material can thus be successfully used as a 

catalyst along with high frequency applications. 

 

 



130 
 

 

Table 5.1. Structural parameters of various samples of Ti-Mn co-doped barium hexaferrite 

Ba2Co2Fe12-2x(Ti,Mn)xO22 ( x = 0.0-1.0) 

 

 

 

 

 

 

 

 

  

Table 5.2. Comparison of decomposition temperature of the prepared catalyst with structurally 

related reported compounds for complete N2O decomposition 

 

 

 

 

 

 

 

 

 

 

Ti-Mn Content 

(x) 

0.0 0.2 0.4 0.6 0.8 1.0 

a, (Å) (±0.02) 5.86 5.86 5.88 5.90 5.91 5.90 

c, (Å) (± 0.04) 43.52 43.56 43.61 43.65 43.68 43.71 

Vcell, (Å
3
) (±0.055) 1294.2 1295.3 1305.7 1315.8 1321.2 1318.2 

D, (nm) (± 4) 36 31 36 48 51 46 

nx10
22

(±0.06)(cm
-

3
) 

1.73 1.66 1.84 1.51 1.77 1.49 

Eσ (eV) (±0.005) 0.340 0.354 0.415 0.555 0.604 0.608 

Eµ (eV) (±0.005) 0.339 0.375 0.417 0.498 0.581 0.583 

Sample T100 (K) 

Ba2Mg2Fe12O22 
48

 >1100 

Ba2Mg2Al6Fe6O22 
48 

1050 

Ba2Co2Fe12O22 
51 

950 

Ba2Co2Fe10ZrNiO22 
49 

923 

BaMnAl11O19
50 

950 

LaMnAl11O19
41 

1023 

BaCo2Fe10TiMnO22
(Present 

work) 
873 
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Chapter 6 

Temperature and frequency dependent impedance 

and electrical conductivity study of Ba2Co2Fe12-

2x(Zr,Ni)xO22 
 

6.1 Introduction 

After the discovery of Y-type ferrites Ba2Zn2Fe12O22 by Jonker et al. [1], Kojima later 

determined the details of a hexagonal crystal structure [2]. Afterwards, these materials proved to 

be useful in many applications, including magnetic recording and microwave devices. By 

controlling the contributing components and synthesis conditions, a ferrite with specific 

properties can be readily developed. In the current era, there is a constant upsurge in the demand 

of signal processing devices in telecommunications, radar detection, satellites, Global 

positioning system (GPS), wireless communication and aerospace applications [3].  Furthermore, 

the operating frequencies are always moving progressively higher, from microwave (MW) to 

millimetre wave, requiring the use of hexagonal ferrites [4]. Depending on the applications, 

either hard or soft ferrites can be required. However, for use at MW frequencies the MW 

dielectric losses must be minimized, which often requires the ferrite to be a good electrical 

insulator and have a moderate permittivity to allow a full penetration of the electric field [5]. 

These Y-type hexaferrites are of interest as microwave ferrites because their comparatively high 

resistivity leads to minimal eddy current losses. Often the hexaferrites enhance the magnetic field 

as an electrical current is passed through it. The application of this property can fabricate devices 

including the cores of electromagnets, motors, transformers, and generators, using AC currents 

[6]. 
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As discussed in earlier chapters, the conventional synthesis methods [7] to prepare Y-

type hexaferrites require high calcination temperatures, which can lead to aggregation of 

particles. Many physical properties of crystalline solids, as Y-type hexaferrites, are greatly 

affected by the microstructure. The solid-state method is a common method for production of Y-

type hexaferrites, which has the inherent disadvantage of high calcination temperature and 

agglomeration of particles. In order to achieve homogeneity of particles, an additional milling 

process is required. In this chapter, we will discuss the samples synthesized by the solid state 

reaction method and explored for electrical, dielectric, and impedance properties. The study of 

the dielectric parameters and DC electrical resistivity gives valuable information about the 

behaviour of localized and free electrical charge carriers, thus leading to a better understanding 

of the electrical conduction mechanism. The electrical properties of Y-type hexaferrites were 

widely investigated, and the effect of doping different cations was studied by many scientists [8-

11]. But the impedance spectroscopy of Y-type hexaferrites is rarely discussed in literature. The 

dielectric properties of PbO and Bi2O3 doped Ba2Co2Fe12O22 were also reported by Costa et al. 

[12] using the complex impedance spectroscopy technique, over a range of frequency (1 Hz to 1 

MHz) and temperature (313-493 K). The complex impedance plots revealed relaxation processes 

that were described by grain and grain boundary effects.  

Nowadays thermoelectrics and ferroelectrics are a main focus of research. Hexaferrites 

are regarded as multiferroics due to owing combined electrical and magnetic properties. Many 

doped systems were recently investigated for dielectic, structural and magnetic properties in 

order to study the multiferroic effects [13, 14]. It has also been revealed recently that room 

temperature magnetic field control of ferroelcectricity is also possible in hexaferrite systems 

[15]. For magnetoelectric applications, understanding the electrical conduction mechanism is 

very important. Keeping the bird’s eye view, the authors aimed to study the synthesized 
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Ba2Co2(Zr,Ni)xFe12-2xO22 over a wide range of temperature and frequency using impedance 

spectroscopy. To our knowledge, it was for the first time that the electrical properties of Y-type 

hexaferrite were studied below room temperature and frequency lower than 1 Hz (0.1 Hz). Based 

on the detailed analysis results of DC resistivity and impedance spectroscopy, a novel circuit 

model was proposed and different conductivity mechanisms were explained in the temperature 

range (123-473 K). 

6.2 Experimental details 

6.2.1 Synthesis procedure details 

  

 

 

 

 

 

 

 

Fig. 6.1 Schemetic representation of solid state reaction method 

Powders of Zr, Ni codoped Ba2Co2(Zr,Ni)xFe12-2xO22 were synthesized using the solid 

state reaction method.  Starting powders of Ba2CO3 (99 %, Sigma-Aldrich), Co2O3 (99%, Sigma-

Aldrich), Fe2O3 (99.98 %, Sigma-Aldrich), ZrO2 (> 99%, Sigma-Aldrich), and NiO2 (99 %, 
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Sigma-Aldrich) were combined stoichiometrically and ball-milled in ethanol and ZrO2 media for 

12 h. Powders were then dried, sieved, and calcined at 1200 °C for 4 h. To aid in densification 

and better dispersion, the powders were again ball-milled in ethanol with ZrO2 media for 24 

h.Final powders were dried and sieved. Prepared samples were cold pressed into cylindrical 

pellets of 12 mm diameter and 1.5 mm of thickness at a pressure of 1.5 tons using a hydraulic 

press. In order to aid in thermal stability and density of pellets, the pellets were further sintered at 

1200 °C for 3 h.  

6.2.2 Samples characterization 

X-ray diffraction (XRD) was performed on the sintered, finely crushed ceramic powders 

using a PANalytical X’Pert Pro MPD / goniometer using Cu-Kα radiation fixed slit incidence 

(0.5° divergence, 1.0° antiscatter, specimen length 10 mm) and diffracted (0.5° antiscatter, 0.02 

mm Nickel filter) optics. Data were collected at 45 kV and 40 mA from 10° to 80° 2 using a 

PIXcel detector in scanning mode with a PSD length of 3.35° 2, and 100 active channels for a 

duration time of approximately 25 min. Resulting patterns were analyzed with Jade+9 software 

(MDI, Livermore, CA). Scanning electron microscopy (SEM) was performed by an FEI Quanta 

ESEM using secondary electron imaging at an operating voltage of 20-25 kV. The particle size 

of prepared materials was analyzed by PCL; Malvern Nanosizer. The UV-visible absorption 

spectra of all materials were obtained by a powder UV-visible spectrophotometer (UV-VIS, 

Shimadzu UV-2450) equipped with an integrating sphere accessory for diffuse reflectance 

spectra over a range of 200–800 nm by using BaSO4 as the reference. The obtained reflectance 

data (R) was converted to the absorbance value, F(R), based on the Kubelka-Munk theory, as 

F(R) = (1-R)
2
/ 2R [16]. 
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6.2.3 Electrical measurements 

 The DC electrical conductivity versus temperature was measured with an HP 3478A 

multimeter from 298–673 K using a four-point technique. A rectangular piece of pellet was cut 

with low speed saw having dimensions of ~ 10*1.5*1.5 mm. An Ohmic contact was made to the 

samples by shadow sputtering a 100 Å layer of Ti overcoated with 1000 Å of Pt. Electrical 

contact with the probes was made using silver epoxy Epo-tekH20E. Impedance measurements 

were performed using a custom-built high-temperature box furnace under an oscillation voltage 

of 100 mV using a Solartron S11287 (Hampshire, UK) electrochemical interface and a 1255B 

frequency response analyzer. The measurements were done in a frequency range of 0.1 Hz-1 

MHz and temperature range of 123-473 K. The pellets were polished to obtain the form of 

circular discs with two parallel surfaces and then sputtered by a layer of 1000 Å of Pt. Silver was 

pasted on both sides to ensure good electrical contacts. The pellet sample was allowed to stand at 

each temperature for 30 min to attain the equilibrium. Pellets spectra were fitted using Z-View 

software (Scribner Associates, Southern Pines, NC). 

6.3 Results and discussion 

6.3.1 Structural characterization 

All the synthesized pure and doped samples were subjected to XRD analysis for phase 

analysis. Fig. 6.2a shows the XRD spectra of pure Ba2Co2Fe12O22, compared with the standard 

pattern corresponding to JCPDS 01-082-0427. Comparison of prepared sample with standard 

pattern revealed the isolated phase of Y-type hexaferrite phase with no impurity phase. All the 

corresponding peaks were analyzed and indexed with the help of computer software “Jade +9”. 

The lattice parameters were calculated by the Rietveld refinement and are reported in Table 6.1. 
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Fig. 6.2 A:  XRD spectrum of Ba2Co2Fe12O22 matched with standard pattern, B:  XRD spectra of 

a)Ba2Co2Fe11.6(Zr,Ni)0.2O22, b)Ba2Co2Fe11.2(Zr,Ni)0.4O22, c)Ba2Co2Fe10.8(Zr,Ni)0.6O22, d) 

Ba2Co2Fe10.4(Zr,Ni)0.8O22, e) Ba2Co2Fe10(Zr,Ni)O22. 

 Using the lattice parameters, cell volume “Vcell” was calculated and found to be in close 

agreement with the published results [17]. The crystallite size “D” was calculated by using the 

Scherrer formula [18].  Fig. 6.2b shows the XRD pattern of all doped samples, main peaks being 

indexed with the standard pattern. It is obvious from the figure that at low substitution of 

dopants, there was no impurity phase present in the samples. All the peaks correspond to the pure 

Y-type hexagonal phase. But as the Zr and Ni content increased (x>0.6), there is a slight 

(A) 

(B) 



141 
 

reflection of Fe3O4 phase present. This second phase was also observed earlier, when the same 

series of compounds were synthesized by a sol-gel method [19]. But in case of solid-state 

synthesis method, the intensity of this phase is negligible. This can be due to high annealing 

temperatures employed in solid-state synthesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3:  SEM micrographs of powdered a) Ba2Co2Fe12O22 b)Ba2Co2Fe11.6(Zr,Ni)0.2O22, 

c)Ba2Co2Fe11.2(Zr,Ni)0.4O22, d)Ba2Co2Fe10.8(Zr,Ni)0.6O22, e) Ba2Co2Fe10.4(Zr,Ni)0.8O22, f) 

Ba2Co2Fe10(Zr,Ni)O22 

 The calculated lattice parameters for all the doped contents showed the same behavior as 

reported earlier [19]. Due to the larger ionic radii of the substituted ions as compared to Fe, the 
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lattice parameters increased and lead to the expansion of the crystal, and hence increased cell 

volume (Table 6.1). The calculated crystallite size for all doped samples is reported in Table 

6.1. The theoretical densities were compared with the calculated densities by Archimedes 

method [20]. All the prepared materials were in the range of 94-96 % dense.  

 The microstructures for all prepared pure and doped samples are shown in Fig. 6.3. It is 

clear from the figure that substitution of Zr-Ni changes the primary particle size, thereby 

implying a change in the growth kinetics. All the materials have well defined crystalline nature 

with homogeneous phase. Wide particle size distribution is evident from the micrographs, which 

is due to extensive ball-milling. The particle size calculated by Malvern nanosizer for pure and 

doped sample was in the range of 465-630 nm. Solid state reaction method leads to the bigger 

particle size which is evident however the crystallite sized calculated from XRD spectra is in the 

range of 38-60 nm. 

6.3.2 Impedance spectra analysis 

 One of the important methods to study the electrical properties of ferrites is impedance 

spectroscopy.  On the basis of impedance spectroscopy, the impedance of grains can be separated 

from the other contributing factors as electrodes and grain boundaries [21]. These 

microstructural effects can largely influence the physical properties of ferrites to be used for 

various potential applications. The resistive (real) and reactive (imaginary) components can be 

classified on the basis of complex impedance studies and hence can be tailored for high 

frequency and low frequency applications. Due to the large number of collected data based on a 

variation of composition, frequency, and temperature, only the data corresponding to pure (BCF) 

and x=1. 0 (BCF1) is discussed here. All other prepared samples had the same behavior. 
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Fig. 6.4: Variation of Impedance behavior ( Nyquist plot)  with temperature for Ba2Co2Fe12O22 

(BCF) material.  a) 473-393 K b) 373-293 K c) 278-198 K d) 173-123 K 
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Fig. 6.5: Impedance spectra of Ba2Co2Fe10ZrNiO22 (BCF1) in the temperature range 

123-473 K. 
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 Fig. 6.4 shows the complex impedance spectra of BCF at different temperatures by 

varying frequency from 0.1 Hz to 1 MHz. Based on the different behaviour, the complex 

impedance plots can be divided into two regions. The first is a high temperature region (278-473 

K) and the second is a low temperature region (123-248 K). Fig. 6.4 corresponds to the high 

temperature and low temperature impedance spectra of pure Ba2Co2Fe12O22 (BCF), respectively. 

The value of Z´ increased with decreasing temperature. The Nyquist plots observed are not 

symmetrical corresponding to the fact that the Debye model cannot be applied to the measured 

spectra. 

 The prepared hexaferrite material comprised of polycrystalline microstructure.  

Considering the microstructure, it consists of conducting crystallites (grains) stacked in parallel 

and series, separated by the resistive part (grain boundaries) [22], due to sintering in the air. The 

dominanting effect on the resistivity is the intergrain boundary phase.  Generally in the Nyquist 

plot, the low frequency part represents the resistance of grain boundaries, while high frequency 

corresponds to the grain (bulk) resistance. These plots correspond to the presence of distribution 

of a specific relaxation time. Such compounds are expected to lose traces of oxygen during the 

course of sintering and develop oxygen vacancies in structure by the reaction, and this is often 

reversed on the cooling of the sample in the cooling process [23]. 

O°    1/2O2   + V° + 2e
-      

(6.1) 

Where V° is the vacant site. These defects affect the conduction and impedance properties of 

ferrites by forming barrier layers at the interface of grain-grain boundaries. When these samples 

are cooled in insufficient time, this oxidation is restricted to the grain boundaries and surface. 

This results in a difference in resistance between grains and grain boundaries, giving rise to the 

Schottky barrier, thus affecting the dielectric and electrical properties of the sample. 
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 Nyquist plots of impedance data of BCF at different temperatures are shown in Fig. 6.4. 

At low temperatures, a semicircle arc is observed, which is attributed to the grain effects. Grain 

resistance becomes very high by decreasing temperature, and below 198 K the grain resistance is 

large enough so that it weakens the grain boundary resistance by GBBL capacitor effect, thus 

disappearing at lower temperatures. This arc becomes a whole semicircle above 248 K; however, 

at temperatures higher than 423 K, this semicircle is reduced to the arc again, attributed to the 

grain boundary effect. This behavior complements the fact that grain boundaries have higher 

resistance than grains [24], and it suggests a process in which the grain effect is gradually 

replaced by grain boundary effect by increasing temperature. In addition to this phenomenon, the 

impedance value is decreased by several orders of magnitude, which is due to thermal activation 

of charge carriers by increasing temperature. The rise of temperature leads to an increase in 

conductivity and a decrease in impedance. The similar trend was observed for BCF1 sample 

(Fig. 6.5), by variation of temperature. For visual observation of conductivity mechanism, 

various RC equivalent circuit models were tried to fit with the impedance values at high and low 

temperatures as shown below. 

 

 

 

 

 

Fig. 6.6: Various equivalent circuit models tried for the impedance data of Ba2Co2Fe12O22 (BCF)  

 The equivalent circuit models a-d were well fitted to the corresponding impedance data at 

high temperatures (473-298 K). However these models did not fit for the impedance data in the 

low temperature range of 248-123 K.  Fig. 6.6e shows the RC equivalent model, which fitted 
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well with the whole range of frequency and temperature. The response is well described by the 

three parallel rails of resistors and capacitors, composed of bulk resistance R1, in parallel with 

the CPE to compensate the dispersion. This circuit is equivalent to the complex conductivity 

model in the limits of high frequency and low frequency. At high frequencies, the ionic rail (R1) 

is conductive, and total resistance is equal to the parallel combination of ionic (R1) and electronic 

rail (R2), where R=d/σA (σ is a conductivity, d is the thickness, and A is the area of the pellet). 

CPE is used to explain the depressed Nyquist plot due to dispersion effect and given by 

ZCPE=1/YCPE=1/Q°(jω)
n 

, where Q° has numerical value of admittance at ω=1 rad/s and j=(-1)
1/2

, 

n is the factor which defines the nature as n=1 means complete capacitor and n=0 represents the 

resistor. In our case ‘n’ ranges from 0.65-0.75 depending on the composition.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.7: Variation of real (Z´) and imaginary (Z´´) parts of impedance with frequency and 

temperature for Ba2Co2Fe12O22 (BCF). 
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 At low frequencies, the ionic carriers accumulate at electrode and impedance approaches 

R2. The conductivity mechanism was correlated with the reported circuit by taking into account 

the activation energy, which will be discussed later. Fig. 6.7 (a & b) shows the variation of real 

part (Z´) with frequency at different temperatures for BCF. By this plot, we can see the resistance 

decreases with increasing frequency and temperature. This indicates that ac conductivity 

increases with increasing temperature and frequency. The real part of impedance merges at high 

frequencies, which indicates space charges are released at higher frequencies and conductivity 

barriers are lowered.  

 Fig. 6.7 (c & d) represents the imaginary part (Z´´) variation with frequency and 

temperature.  This plot is helpful to find out the relaxation frequency by the peak position. The 

intensity of peaks is higher at low temperatures, indicating the high resistance. The peak height 

decreased with an increase of temperature, and peaks shifted towards the higher frequency by 

increasing temperature. All the peaks merge at high frequency, complementing the space charge 

release at higher frequencies. The same trend was observed for all the samples. 

 Electrical modulus representation is another useful way to study the relaxation processes 

taking place and transport properties within the polycrystalline solids [25]. Electrical modulus 

representation has the advantage of suppressing the electrode polarization. Frequency dependent 

M´ and M´´are shown in Fig. 6.8.  Single relaxation behavior is well depicted by both curves. In 

the case of the real modulus, the relaxation behavior is depicted by the positive slope, which 

moves to the high frequency domain by increasing temperature. The imaginary part of modulus 

exhibits a maxima, and moves to higher frequency as the temperature is increased. This behavior 

confirms the frequency and temperature dependence of transport properties as conductivity and 

ion dynamics. At low frequencies, the charge carriers are mobile over longer distance, while at 

high frequencies; the charge carriers are confined to a potential well, thus keeping charge carriers 
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mobile over short distances. The appearance of peaks depicts the relaxation mechanism in 

conductivity. The broadening of peaks suggests the broadening of relaxation with different 

relaxation times. At higher frequencies, the peaks are reduced to a single arc at high 

temperatures. It supports the fact that at high temperatures, the grain boundary effect is 

strengthened gradually, and the grain effect is weakened [26]. This means that high temperatures 

stimulate the ion hopping over the energy barrier layers instead of hopping within the same site.  

 

 

 

 

  

 

 

 

 

 

 

Fig. 6.8: Variation of real (M´) and imaginary (M´´) parts of modulus with frequency and  

temperature for Ba2Co2Fe12O22 (BCF). 
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conduction mechanism is dominant in hexaferrites and the exchange of electron between Fe
2+

 

and Fe
3+

 at equivalent crystallographic sites (octahedral sites) are responsible for the electric 

conduction. 

     σDC = σₒ exp [- Ea/kBT]      (6.2)  

where σ° is pre-exponential factor with conductivity units, Ea is activation energy, and kB is 

Boltzmann constant.  Fig. 6.9 shows the variation of DC resistivity with composition.  

 

 

 

 

 

 

Fig. 6.9: Variation of DC resistivity of Ba2Co2(Zr,Ni)xFe12-2xO22 with composition and 

temperature. 

The resistivity of Ba2Co2-x(Zr-Ni)xFe12O22 increased with the substitution of Zr-Ni in the crystal 

structure. It is known that Fe
3+

 occupies octahedral and tetrahedral sites, however the conduction 

is controlled by Fe
3+

 present at octahedral sites and the electron transfer between Fe
3+

/Fe
2+

   is 

the main electronic conduction mechanism. Ni
2+

 ions prefer to occupy octahedral 

crystallographic sites, so it replaces Fe
3+

 from octahedral site. In this way as Fe
3+

 ion decrease by 

Ni
2+

 substitution, the electron hopping also decreases and hence substitution of Ni
2+

 suppresses 

the electron transfer leading to depression the conduction mechanism [10].  
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Fig. 6.10: Variation of AC conductivity with frequency and temperature for Ba2Co2Fe12O22 

(BCF). 

Logarithmic representation of the equation 6.2 is used to calculate the activation energy of the 

prepared samples. As resistivity increased with substitution so as the activation energy 

suggesting the decrease of conduction. Activation energies calculated were in the range of 0.45-

0.55 eV, which are close to the previous published results [12].  

 In case of AC conductivity, the frequency dependent behavior is depicted by Fig. 6.10 for 

BCF at different temperatures. The same behavior was observed for all the materials (not shown 

here). All the transport properties are dependent on frequency and temperature. AC conductivity 

is a transport mechanism, which takes place due to thermally activated electron hopping between 

Fe
3+

 and Fe
2+

 on the same crystallographic site. At low frequencies, the conductivity value is 

almost constant, but at high frequency, there is an exponential increase in conductivity behavior.  

According to the jumping relaxation model, the frequency independent behavior of conductivity 

at low frequencies is due to long range translational motion of ions, and conductivity in this 
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period [27]. At higher frequencies, there are two relaxation processes; unsuccessful hops, and 

successful hops. The increase in ratio of successful hops to unsuccessful hops results in more 

dispersive conductivity at high frequencies [28].  

 It is clear from Fig. 6.10  that conductivity increases with increasing frequency; however, 

the rate of increase is higher at low temperatures as compared to high temperatures. At high 

temperature, this increase is almost negligible, and the AC conductivity becomes independent of 

frequency at high temperatures. According to Maxwell-Wagner and Koop’s model [29], the 

ferrite can act as multilayer capacitor due to stacking of conductive and resistive layers as 

described earlier, and impedance of this multilayer capacitor can be given by 

  Z
-1 

= R
-1

 +jωC         (6.3) 

where ω is angular frequency and R and C are parallel equivalent resistance and capacitance of 

the circuit. So after certain frequency, the inverse impedance decreases and AC conductivity rise 

with frequency. However temperature dependence of AC conductivity is given by  

  σreal  = σ1(T) + σ2 (ω, T)      (6.4) 

The first term is DC conductivity, which is only dependent on temperature by Arrhenius relation, 

while the second term σ2 is dependent on both temperature and frequency, and this dependence is 

given by 

  σ(ω, T) =  Bω
n       

(6.5) 

where n and B are constants. B has same units of conductivity and n is dimensionless quantity; n 

can be calculated by the slope of logarithmic curve of above equation.  It was found that 

parameter n decreases with increasing temperature for all the samples. The n parameter is 

calculated for BCF at selected temperatures and reported in Table 6.2. This is the behavior of 
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normal semiconductors and was observed by many scientists [9, 30]. For the sake of comparison 

with the prepared series, different hexaferrite systems are reported in Table 6.3 for the 

conductivity mechanism, resistivity magnitude, and activation energy values. It can be seen that 

the dominant conduction mechanism reported for Y-type hexaferrites have high resistivity with 

order of magnitude 10
8
, and hopping conduction mechanism is predominant in these systems.  

 The activation energy calculation was done in detail by taking into account the fitted 

impedance circuit model for AC conductivities. As described earlier, there are two different 

mechanisms according to frequency distribution, electronic and ionic conduction. In case of 

electronic conduction, there are two different mechanisms controlling the conductivity in a 

whole range of temperature. At high temperatures, the hopping conduction mechanism is 

dominated while the R2 resistance is very low.  According to Verwey deBoer mechanism, the 

electron transfer between Fe
3+

/Fe
2+

 and hole transfer between Ni
2+

/Ni
3+

 at octahedral sites are the 

main reasons for electrical conduction [31]. Ni
3+

 and Fe
2+

 ions can be intrinsically present in the 

materials due to high sintering temperature by 

 Ni
2+

 + Fe
3+

 ↔  Ni
3+

 + Fe
2+

      (6.6) 

 The electrical charge carriers (electrons) are generally localized in 3d shell in case of 

Fe
2+

 (3d
5
) and Ni

3+
 (3d

6
). Therefore, the electron transfer between occupied and unoccupied sites 

and different valent ions of the same element can give rise to conduction mechanism. Lattice 

vibrations make these localized electrons become close and induce a polaron. The conductivity 

behavior was explained on the basis of the Arrhenius equation in this region and two types of 

activation energies were calculated, one at high temperature and the other at low temperature. 

High temperature activation energies (E1) are in close agreement with the activation energies 

calculated with the DC resistivity, which complement the hopping conduction mechanism. While 
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at low temperatures, the activation energy (E2) as well as conductivity is very low. The 

conduction in this region is mainly due to impurities, defects, and interstices, which are 

characteristics of ferrites at low temperatures [32]. The low conduction in this region is due to 

low concentration of impurities, and low activation energy values are due to the fact that the 

charge carriers from impurities are free and not localized. This behavior for BCF is depicted in 

Fig. 6.11, while activation energies are tabulated in Table 6.1. The activation energies calculated 

in this region suggest that a band conduction mechanism dominates the low temperature region. 

Due to this impurity band conduction, the Fermi energy is higher. The Fermi energy decreases as 

temperature increases. This is because the charge carriers at high temperatures occupy Fermi 

energy levels near to bottom of the conduction band, and hence polaron hopping is more 

convenient [33]. In the medium temperature range, there can be a mixed conduction involving 

hopping and band conduction due to different mobilities and charge carriers.  

 The different behavior was observed in case of ionic conductivity (R2). The resistance 

is very high, and thus at low temperatures there are two competing factors. One is the larger 

hopping distance to find a state with better energy matching, and the second is smaller transfer 

energy at the same time [34]. So the temperature dependence behavior is given by variable range 

conduction (Fig. 6.11b) as 

 σ hop = σₒ exp [- (T°/T)
1/4

]       (6.7) 

The factor T° is a characteristic temperature and can be calculated from the slope. The plots with 

good accuracy at low temperatures were obtained using T
-1/4

. The case of hopping conduction 

involves the energy levels that are in a narrow range of the Fermi level. But as the temperature is 

decreased, this range also shrinks, thus decreasing the defect density active for hopping [35]. 

This shrinking effect basically governs the variable range hopping at low temperatures. The 
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activation energy (E3) associated with the variable range hopping is smaller than polaron 

hopping and tabulated in Table 6.1. The variable range hopping is extensively studied for 

various systems [36, 37].   

 

 

 

 

 

Fig. 6.11: Calculation of activation energy of Ba2Co2(Zr,Ni)xFe12-2xO22  for  a) Verwey hopping 

mechanism using Arrhenius relation  b) Variable range hopping mechanism using eq. 6.7 

  

 

 

 

 

 

 

Fig. 6.12: a) Calculation of band gap from Tauc plot for Ba2Co2Fe12O22 (BCF) b) Dependence of 

band gap on dopant content 
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energies decreased by increasing the Zr-Ni content, thus suppressing the conduction mechanism. 

In order to compliment the activation energy, band gap was calculated by establishing Tauc plot 

of transformed Kubelka-Munk function versus the absorbed light energy [38]. A Tauc plot is 

believed to be the cheapest, easiest, and accurate method for determining the band gap of 

semiconductors.  The optical band gap (Eg) can be experimentally obtained by absorption 

coefficient measurements using the Tauc formula 

 (h) = A (h- Eg)
n
 
       

(6.8) 

Where  is the absorption coefficient, A is pre-exponential factor and n determines the mode of 

transition. It is equal to ½ for indirect allowed transitions and 2 for direct allowed transition [39]. 

All the samples showed absorption at 550 nm, and no blue shift or red shift was observed. Fig. 

6.12a shows the determination of band gap for BCF, and the direct band gap was observed in our 

case, which is a characteristic of semiconductor materials. The Tauc optical band gap is obtained 

at the intercept betwen the extension the line of slope and the base line. The value obtained by 

the Tauc plot agrees with the published value obtained by the ab initio calculations of 

ferroelectric Ba0.5Sr1.5Zn2Fe12O22 i.e. 1.5 eV [40]. The same direct band gap compounds can 

have promising applications in energy conversion involving solar spectrum, as this band gap 

value is closest to the optimal band gap value of single junction solar cells and photochemical 

devices [41]. Fig. 6.12b shows the compositional dependence of the band gap, and it is clear that 

band gap was almost independent of the composition.  

6.3.4 Dielectric analysis 

  Fig. 6.13 shows the dielectric constant and dielectric loss (tan δ) plotted against 

frequencies for all temperatures of BCF. It shows the strong dielectric dispersion at low 

frequencies. In addition, relaxation is observed at high frequencies and low temperatures. 
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Variation of dielectric constant can be explained on the basis of space charge polarization 

produced due to the presence of an insulating matrix (grain boundaries) surrounding the high 

conductive phases (grains). These space charge carriers need specific time to align their axes 

parallel to the applied field. By increasing the field frequency, a point is reached where these 

carriers cannot keep up with the alternating electric field and it lags behind, resulting in a 

decrease of dielectric constant at high frequencies. The same behaviour was observed by many 

scientists [9, 12, 42, 43]. It means that beyond a certain frequency of the external field, the 

electron exchange between Fe
3+

/Fe
2+

 cannot follow the field. While at low frequencies, the high 

dielectric constant is due to vacancies, impurities and Fe
2+

. Moreover, there is more dispersion at 

higher frequency by decreasing temperature, suggesting that this step like relaxation is Debye 

type.  

 The variation of tanδ with frequency and temperature for BCF is shown in Fig. 6.13(c-d). 

Tanδ presents the energy dispersion in dielectric. The peaking behavior of tanδ is explained by 

many models [44, 45]. Peaking behavior appears when the frequency of charge carrier hopping 

between two valence sites matches with the externally applied field given by ωτ=1, where ω = 

2πfmax and τ is relaxation time, which is inversely proportional to jumping probability of charge 

carriers per unit time. At low temperatures, the peak position shift towards the low frequency 

region, indicating that jumping probability decreases with decreasing temperature. This 

decreased jumping probability can be associated with the difficulty of jumping at low 

temperature (variable range hopping). While at high temperatures, the peaks shifted towards the 

high frequency, suggesting the higher jumping probabilities and high conductivity. This fact also 

supports the release of charge carriers at high frequencies and high temperatures.  

 The relatively high values of dielectric constant and tan δ at low frequencies is not 

exceptional and was observed earlier [9]. This is attributed to the inhomogeneous structure of 
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hexaferrites. It is obvious from Figure 6.13 that dielectric constant and tanδ increase with 

increasing temperature, which suggests that there is a strong correlation between conductivity 

mechanism and dielectric polarization. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.13: Variation of dielectric constant () for Ba2Co2Fe12O22  with frequency  a) 473-248 K 

b) 248-123 K. Variation of tanδ with frequency c) temperature range 473-298 K d) 278- 123 K. 

 Another explanation for the occurrence of peaks in tanδ is in terms of dispersion in 

dielectric constant [46], as tanδ= ´´/´, and ´ is proportional to 1/ω
2
, while ´´ is proportional to 

1/ω, so ´ decreases more rapidly with frequency as compared to ´´, and hence the decrease in ´ 

at low frequencies is large enough to display a distinguishable peak in tanδ.  
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6.4 Conclusions 

Zr-Ni codoped Ba2Co2(Zr,Ni)xFe12-2xO22 were successfully prepared by the solid state 

reaction method, employing the annealing temperature of 1200 °C, with slight reflection of 

Fe3O4 at higher dopant content. Due to extensive ball-milling, the particles were well dispersed, 

as seen by SEM micrographs. Low temperature and low frequency impedance were performed 

for the first time for Y-type hexaferrites. The observed different behaviour at high and low 

temperatures for impedance, modulus, conductivity, and dielectric is discussed. The equivalent  

circuit model containing three rails of resistors and capacitors was proposed and explained for 

grain and grain boundary involvement at low and high frequencies. Keeping the circuit model in 

view, different conductivity mechanisms (hopping, band and variable range hopping) were 

proposed based on activation energy calculations. Introduction of Zr and Ni increased the 

resistivity and decreased the dielectric constant. Investigation of prepared series with respect to 

frequency and temperature can allow the tailoring of desired material for specific applications in 

microwave devices. 
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Table 6.1 Comparison of structural and physical parameters of various samples of Zr-Ni doped 

barium hexaferrite Ba2Co2Fe12-2x(Zr,Ni)xO22   ( x = 0.0-1.0) 

Ti-Mn Content 

(x) 

0.0 0.2 0.4 1.6 0.8 1.0 

Lattice 

parameter, 

a (Å) ±0.03 

5.85 5.85 5.87 5.88 5.89 5.90 

Lattice 

parameter, 

c (Å) ± 0.02 

43.25 43.28 43.31 43.48 43.52 43.68 

Cell volume, 

Vcell (Å
3
)
 

±0.055 

1281.78 1282.67 1292.35 1303.05 1307.48 1316.75 

Crystallite size, 

D (nm) ± 5 

38 45 58 53 52 59 

Archimedes 

Density (gm/cc) 

5.05 5.19 5.25 5.19 5.28 5.29 

Particle Size 

(nm) ± 10 

721 431 568 605 534 498 

Ea (eV) ±0.0014 0.428 0.450 0.458 0.503 0.534 0.548 

E1 (eV) ±0.0009 0.487 0.505 0.508 0.533 0.558 0.561 

E2 (eV) ±0.001 0.063 0.064 0.070 0.090 0.110 0.128 

E3 (eV) ±0.003 0.139 0.155 0.178 0.180 0.182 0.185 

Band gap/eV 

±0.003 

1.539 1.535 1.542 1.556 1.575 1.596 
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Table 6.2 Temperature dependence of empirical parameter ‘n’ for Ba2Co2Fe12O22 (BCF) 

T (K) 473 423 373 323 278 223 173 123 

n 0.018 0.125 0.189 0.225 0.458 0.621 0.715 0.821 

 

Table 6.3 Comparison of different hexaferrites for resistivity, activation energy and conduction 

mechanisms. 

Composition High temperature 

dc(Ω.cm), Ea (eV), 

Mechanism 

Low temperature 

Ea (eV), Mechanism 

Ba2Co2Fe12-2x(Zr,Ni)xO22,
this work

 20-300x10
8 
, 0.42-0.56, 

Hopping conduction 

0.06-0.12(impurities) 

0.14-0.19 (VRH) 

Sr2Ni2-xMnxFe12-yCryO12 
47

 1-74x10
8 
,  -------, 

Hopping conduction 

------ 

Sr2Ni2-xMnxFe12O22 
47 

0.41-5.01x10
8
, ------, Hopping ------ 

Ba2Zn0.6Co0.6Cu0.8Fe12-xO22-1.5x 
11

 1-9.5x10
5
, ------, Hopping ------ 

Ba2Ni2-xZnxFe12O22
10

 1.6-200x10
4
, 0.326-0.667, 

Hopping + band conduction 

0.056-0.098 (impurities) 

PbO-Ba2Co2Fe12O22
12

 1-952x10
6
, 0.48-0.52, Hopping 

conduction 

----- 

Ba2Cd2Fe12-2x(Zr,Co)xO22
48

 1.47-4x10
8
, 0.45-0.53, 

Hopping conduction 

----- 
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Chapter 7 

Conclusions and Outlook 
 

The entire work, exploring the potential properties of newly synthesized Y-type barium 

hexaferrites, apprehended in this thesis is summarised in this chapter. The most significant 

results are emphasized followed by the conclusions and lastly, the possible future prospects are 

given. The work includes three major aspects (i) the use of Y-type ferrites as catalysts for N2O 

decomposition, (ii) effect of  synthesis conditions and methods on the catalytic performance and 

(iii) electrical and thermoelectric properties.  

 N2O abatement is a topic of great concern for all scientists and environmentalists, as it is 

one of the greenhouse gases which has 310 times more impact than CO2. This gas is increasing at 

the alarming rate of 0.2-0.3 % per year by various sources. This is one of the main causes of 

global warming and ozone depletion. Another important aspect is the use of N2O gas as 

promising green propellent for aerospace applications. The reasons based on which it is preferred 

over conventional fuels are, its stability, cheapness, system simplicity, ease of storage and good 

compatibility with construction material. However, the properties of catalyst required for the two 

applications are different. For these reasons an enormous amount of research is devoted to 

develop the new technologies and catalysts for decomposition of this gas into less harmful 

products.  A detailed study has been conducted on the mechanism of this decomposition reaction 

and to design a catalyst which can decompose this gas at normal conditions. In order for a 

catalyst to be efficient for decomposition of high concentration N2O, the stability of the catalyst 

is significantly important along with its efficiency. In practical industrial and aerospace 

applications, many gaseous pollutants are also present along with N2O, like SO2, H2O, O2 and 

NO, these gases can deactivate the catalyst and affect the catalyst’s activity adversely.  
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 Y-type hexaferrites were selected as catalyst for the concerned reaction due to two main 

reasons. Firstly, they possess a layered structure of different basic building blocks, which render 

the stability and resistance to the crystal structure against thermal shocks. Secondly, the 

substitution of Fe and other divalent cations by transition metals (in different combinations) can 

increase the active sites by increasing the redox reactions within the crystal lattice. Four different 

series of Y-type hexaferrites have been synthesized and investigated for the N2O decomposition 

reaction. 

 Al was substituted at the Fe site in Ba2Mg2Fe12-xAlxO22, and studied for the catalytic 

activity. The catalyst proved to be active and decomposed N2O at 1023 K in conventional 

heating mode. Introduction of Al improved the catalytic activity by increasing surface area and 

redox reaction. The same series of compounds was irradiated with microwaves to study the 

effect on catalytic activity. Surprisingly, same decomposition took place at much lower 

temperature of 583 K, which was a significant achievement. However, increasing Al content 

slightly decreased the catalytic activity in microwave irradiated mode due to the decrease of 

magnetic character. Another significant outcome of this piece of work was achieved when steam 

was introduced in the inlet gas in microwave irradiated mode. The decomposition temperature 

was further lowered to 483 K without any effect on the stability of the catalyst. The introduction 

of steam decreased the catalytic activity in the conventional heating mode as observed for other 

catalysts.  

 In another series Co was doped in the barium hexaferrite (Ba2CoxMg2-xFe12O22) and 

evaluated for the catalytic activity. Having very little difference in the ionic radii of Co
2+

 and 

Mg
2+

, Co successfully replaced the Mg in the crystal lattice and pure hexagonal phase was 

achieved at higher content of Co (up to x = 2.0). Increasing the concentration of cobalt increased 

the surface area and redox capability of catalyst and hence increased the catalytic activity. 
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However, increasing the calcination temperature increased the decomposition temperature, an 

expected but undesirable result. Coupling microwave irradiations with the designed catalyst 

increased the catalytic activity.  

 An important contribution of the current work is the study of the effectiveness of 

synthesis methods on the catalytic activity. Two different synthesis methods (sol-gel and 

microwave heating) were employed for the production of Zr-Ni doped Ba2Co2Fe12-2x(Zr, Ni)xO22. 

Pure hexagonal phase was achieved at a low annealing temperature of  1173 K and less 

annealing time (1 h) in case of microwave heating to that for 1223 K and 6 hrs in sol-gel method. 

Additionally, the prepared materials were of better morphology having definite crystallite shape 

and increased porosity and surface activity. These materials proved to be efficient catalysts by 

decomposing N2O at much lower temperatures of 823 K as compared to that of 923 K by the sol-

gel synthesized materials. This was indeed an achievement as the microwave synthesis method 

was used for the first time to synthesize Y-type hexagonal ferrites. The method proved to be cost 

effective, simple and efficient for the synthesis of hexaferrites with better structural and catalytic 

attributes.  

 The fourth series consists of the compounds with Ti-Mn doping (Ba2Co2Fe12-

2x(Ti,Mn)xO22) and was prepared by the sol - gel method. The prepared compounds were studied 

for electric, thermoelectric, dielectric and catalytic properties in various experimental conditions. 

The DC resistivity increased with increasing the dopant contents and it was anticipated that 

hopping conduction mechanism is operative in these compounds, based on various models. 

Thermoelectric studies gave insight on the fact that electrons are the basic charge carriers 

responsible for conduction mechanism. Dielectric parameters decreased with increasing doping 

thus complementing the DC resistivity results. The doping of Ti-Mn caused better effect on the 

catalytic activity for the N2O decomposition. The enhanced catalytic activity was accredited to 
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the collective electronic as well as surface anion vacancies. The material synthesized was stable 

for long experimental time (30 h) thus proving it as applicable in real aerospace application. The 

Ti-Mn co-doped series proved to be best catalysts prepared in conventional heating mode, as 

compared to the earlier synthesized series. This may be due to the collective ionic effect of Co, 

Ti and Mn.  

 Lastly, the Zr-Ni co-doped series, Ba2Co2Fe12-2x (Zr, Ni) xO22 was synthesized by the 

solid state method and studied for detailed electrical attributes. The solid state synthesis is 

brought about at a high calcination temperature (1473 K) followed by extensive ball milling time 

to develop the pure hexagonal phase. However, a slight reflection of Fe2O3 was still found at 

higher substitutions. A novelty of the work was the impedance measurements conducted in wide 

temperature (123-473 K) and frequency (0.1 Hz-1MHz) ranges. The measurements were divided 

into two regions based on temperature i.e. high temperature and low temperature regions. Based 

on the impedance analysis a circuit diagram was simulated, containing different rails of 

capacitors and resistors. The impedance behavior was explained based on microstructural effect 

of grains and grain boundaries. Based on activation energies, two different conduction models 

were suggested operating in low and high temperature regions. Variable range hopping 

mechanism was reported for the first time for Y-type hexaferrites in low temperature regions. 

Introduction of Zr-Ni increased the resistivity while decreased the dielectric constant. The 

developed materials are expected to be operative in various microwave and data storage devices 

based on their electrical attributes.  

Conclusions: 

Below is the list of salient results that can be taken as the conclusions of the work conducted. 
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• Pure and doped Y-type hexaferrite materials were successfully prepared by sol-gel, 

microwave and solid state synthesis methods; however, microwave synthesis method is 

the best employing least sintering temperature. 

• All the prepared materials proved to be active catalysts by completely decomposing N2O 

at a lower temperature of around 600 °C (873 K) in conventional heating mode. 

• Microwave irradiations on hexaferrites improved the catalytic activity of sol-gel 

synthesized materials and decomposition temperature was lowered significantly (100% 

decomposition at 583 K). 

• In general doping of di-, tri-, tetravalent or combination of cations enhanced catalytic 

activity for all the materials synthesized by conventional sol-gel and microwave methods. 

• Prepared materials show high resistivity, low dielectric constant and low dielectric loss. 

• Based upon the low temperature and low frequency electrochemical impedance 

spectroscopy variable range hopping at low temperatures is reported as the conduction 

mechanism for the first time in case of Y-type hexaferrites. Polaron hopping mechanism 

remained operative in the high temperature region (473 to 293K) 

Future Prospects:  

We hope this thesis is a successful effort of demonstrating the wide range applications of 

Y-type hexaferrites in the catalytic and electronic industries. The main challenge is the 

extrapolation of these results into real industrial scale. This will include the design of hexaferrite 

system specifically for the concerned application. Based on the properties explored in this very 

work the potential uses of the developed system can be marked as a catalyst for N2O 

decomposition in jet engines, N2O emission in fertilizer companies. The materials can be used as 
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energy storage capacitors due to owing high resistivity, UHF and VHF microwave devices due to 

low loss and data storage devices to store huge amount of data due to greater microwave 

absorption capacity. 

Some of the future prospects include; 

 The development of composite material by combining various classes of ferrites,  

 Development of a new catalytic system by using Y-type hexaferrite as a support for 

various noble metals and active oxides  

 The computational study of these materials can be conducted in order to have a detailed 

mechanistic picture. 

 Search for their use in thermoelectric devices by annealing Y-type hexaferrites in excess 

or reduced oxygen atmosphere.  
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